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ABSTRACT
The tw o I I I - V  sem iconductor compound system s, InP/G a In As and
^  0 .4 7  0 .5 3
In Ga As/GaAs, w ere  exam ined by transm ission  e lec tro n  m icroscopy
X l - x
(TEM). High reso lu tio n  e lec tron  m icroscopy (HREM) w as used to  analyse 
th e  in te rfa c e  betw een InP and GalnAs. N on-standard  HREM conditions, such 
reg ions of th ick e r c ry s ta l and non-Scherzer def ocus w ere  used to  
optim ise th e  c o n tra s t  from  th e  tw o m ate ria ls . The technique allow ed th e  
dete rm ina tion  o f th e  p lan a rity  of these  layers  and th e ir  tra n s it io n  
w id ths, giving an overall e s tim a te  of th e ir  quality . The tra n s it io n  w id th  
of these  sam ples w as found to  be no more th an  th re e  m onolayers, w ith  th e  
layers  being p lan a r  and o f good quality .
M olecular beam  ep itaxy  (MBE) grow n In Ga As on GaAs s u b s tra te s  w as
X l - x
investiga ted  in o rd er to  find  the  c rit ic a l th ickness o f InGaAs film s. 
Four com positions w ere  chosen, x=0.1, 0.15, 0 .2  and 0.25. I t w as found 
th a t  tw o c r i t ic a l  th icknesses e x is t in th is  regim e, corresponding  to  
su rfa c e  lay e rs  (single layer s tru c tu re )  and buried  lay e rs  (m ulti-layer 
s tru c tu re ) . Several c r i t ic a l  th ickness models from  th e  l i te r a tu re  w ere  
used to  model th e  experim ental determ inations of c r i t ic a l  th ickness. I t  
w as found th a t  th e  models of M atthews and Blakeslee o ffe re d  poor 
agreem ent to  both  buried  and single layers, the  b est agreem ent occuring 
fo r  a  re fin ed  M atthew s and Blakeslee model produced by Miles and McGill. 
Investiga ting  a  se r ie s  of th ick er su rface  layers, a  second c r i t ic a l  
th ickness occured a t  a  th ickness p red ic ted  by People and Bean. In th ick  
layers i t  w as found th a t  residua l s tra in  w as s ti l l  p rese n t up u n til a  
m ism atch of 1.4% (x=0.2).
( i i )
ACKNOWLEDGEMENTS
The w ork rep o rted  in th is  th es is  w as c a rr ie d  out in th e  D epartm ent o f 
M ateria ls Science and Engineering a t  th e  U niversity  o f Surrey. Support 
w as provided by SERC in th e  fo rm  of a  QUOTA aw ard .
I would like, p a rtic u la rly , to  thank  P rof. P .J. Goodhew fo r  help and 
supervision th roughou t th e  period  of th is  work.
I would also  like to  thank  g row ers a t  RSRE Malvern, nam ely, Dr. C. 
W hitehouse, M. Emeny and L. Howard fo r  the  provision of m a te ria l used in 
th is  th esis . I am also  indebted to  m em bers of th e  BP e lec tro n  m icroscopy 
un it fo r  perm ission to  use th e ir  equipm ent and fo r  th e ir  considerab le  
help and encouragem ent during  th e  m icroscopy.
At Surrey, special thanks a re  due to  colleagues in th e  S urrey  s tra in e d  
layer re se a rc h  program , in p a rtic u la r  to  P. Kidd fo r  m any u sefu l 
discussions, and also to  th e  various m em bers of the  o ffice  fo r  keeping 
me sane during th is  tim e. Special recognition m ust also  go m em bers of 
the  MSSU, D. Chescoe and V. Pow er fo r  to le ra tin g  my ’u se fu ln ess’ in th e  
labs. F inally  I would like to  thank  my m other and fam ily  fo r  th e ir  
support genera lly  and in the  p rep a ra tio n  of th is  thesis.
(H i)
CONTENTS
T itle  i
A b s tra c t  ii
A cknow ledgem ents Hi
C o n te n ts  iv
P u b lic a tio n s  v
C h a p te r  1 In tro d u c tio n  1
C h a p te r  2 HREM an d  im age s im u la tio n  o f I n P /
Ga In  As -  th e o ry  an d  l i t e r a tu r e  4
0 .47  0 .53
2.1 In troduction  5
2.1.1 C rysta l g row th  6
2.1.2 S u b stra te  o rien ta tio n  7
2.1.3 Steps 8
2 .2  High reso lu tion  e lec tron  m icroscopy (HREM) 9
2.2.1 In troduction  9
2 .2 .2  HREM im aging 11
2 .2 .3  O ptical d iffra c to g ra m  analysis 12
2 .2 .4  C on trast t r a n s fe r  functions 12
2.2 .5  In tensity  versus th ickness p lo ts  13
2.3  III-V sem iconductor in te rfa c es  -  l i te ra tu re  16
2.3.1 In te rfa c es  in InP/G a In As and 16
0 .47  0 .53
o ther compounds
2 .4  HREM image sim ulation  21
2.4.1 In troduction  21
2 .4 .2  The m ultislice  technique 23
2 .4 .3  The a r t i f ic ia l  supercell 26
2 .4 .4  The m ultislice  a p e rtu re  and periodic 28 
continuation
2 .4 .5  Sim ulation of in te rfa c es  using the  30 
m ultislice  algorithm
( iv )
2.5 Image sim ulation of III-V sem iconductor 
in te rfa c e s  -  l i te ra tu re
31
2.6  Summary of ch ap te r 35
Chapter 3 E xperim ental tech n iq u es 36
3.1 In troduction  37
3 .2  Recording HREM im ages 37
3.3  Specimen p rep a ra tio n  37
3.3.1 C ross-sec tion  sam ples 37
3 .3 .2  P lan view TEM sam ples 41
3 .4  D etails of the  m ultislice  technique 42
3.4.1 Sim ulation o f d e fec ts  42
Table I 50
Chapter 4 HREM and im age sim ulation  o f  la tt ic e
m atched InGaAs on InP su b stra tes  51
4.1 In troduction  52
4 .2  HREM of in te rfa c es  in InP/G a In As 53
0 .47 0 .53
4.2.1 In troduction  53
4 .2 .2  N on-standard  HREM im aging 53
4 .3  Summary of ch ap te r 58
Chapter 5 Theory and lite r a tu r e  o f  th e  c r it ic a l
th ick n ess and d isloca tion  s tru ctu re  in  
low  m is f it  (<2/0 ep ila y ers  60
5.1 In troduction  61
5 .2  The concept of c rit ic a l th ickness in s tra in ed
ep itax ia l layers  61
5.2.1 In troduction  61
5 .2 .2  The in troduction  of m isfit d islocations
in to  d islocation  f re e  su b s tra te s  64
5.3 The th eo re tic a l p red iction  of c r it ic a l th ickness 66
5.3.1 Mechanical equilibrium  -  Van der M erwe (1963) 66
5 .3 .2  Mechanical equilibrium  -  M atthew s and B lakeslee  68
(1974)
5 .3 .3  H alf-loop nucleation -  M atthews (1975) 70
5 .3 .4  Energy balance -  People and Bean (1985) 71
5.4 E xtensions to  p red ic tions of c r it ic a l th ickness 72
5.4.1 R efinem ent of m echanical equilibrium  model
M iles and McGill (1989) 72
5 .4 .2  Energy considerations -  El-M asry e t  a I (1989) 75
5 .4 .3  Refinem ent in the  half-loop  nucleation model
van der Leur e t  al (1988) 77
5 .4 .4  R efinem ent in the  ha lf-loop  nucleation model
Maree e t  al (1987) 79
5.4 .5  Summary 80
5.5 TEM of ep itax ia l s tra in e d  layers  (f<2.10 3) 86
5.5.1 L ite ra tu re  86
5.6 Summary of ch ap te r 91
Chapter 6 T ransm ission e lec tro n  m icroscopy o f
GalnAs on GaAs su b stra tes  92
6.1 In troduction  93
6.2 Sample design 94
6.3 Investigation  of d islocations and layer 95
c o n tra s t in p lan-view  TEM
6.3.1 Sample ME481 95
6.4 Experim ental determ ination  of the  c rit ic a l th ickness 96
6.4.1 P lan view TEM determ ination  of the  c rit ic a l 96
th ickness
6 .4 .2  C ross-sec tion  TEM determ ination  of the
c r itic a l th ickness 100
6.4 .3  Summary 104
6.5 E xperim ental evidence fo r  a  second c rit ic a l th ickness 105
6.5.1 In troduction  105
6.5.2 In Ga As/GaAs 109
0.1 0.9
6.5.3 In Ga As/GaAs 109
0.15 0 .85
6.5.4 In Ga As/GaAs 110
0 .2  0.8
6.5.5 In Ga As/GaAs 114
0 .25 0 .75
6.5.6 D iscussion of p lan view TEM re su lts  114
6.6 C ross-sec tion  TEM of GalnAs/GaAs 118
6.6.1 In Ga As/GaAs 118
0.1 0.9
6.6.2 In Ga As/GaAs 118
0 .2  0.8
6.7 The e ffe c t of s tr a in  on th e  position  of d islocations 119
6.7.1 In troduction  119
6.7 .2  C ritica l th ickness 121
6.7.3 R elaxation  of b a r r ie r s  o r capping layer 122
6.7 .4  C ritica l th ickness of th e  whole s tru c tu re  123
6.7.5 The e ffe c t  o f re lax a tio n  on the  position
of d islocations 125
6.7.6 D iscussion 126
6.8 The observation  of no n -m isfit relieving d islocations 126
6.9 Summary of ch ap te r 130
T ab le  II 134
C h a p te r  7 C onclusions 135
REFERENCES 138
PUBLICATIONS
The follow ing publications based on th e  w ork p resen ted  in c h ap te r 6 in
th is  th es is  have been published in th e  sc ien tif ic  l ite ra tu re .
"On th e  o r ig in  o f  m is f i t  d is lo c a tio n s  in  InG aA s/G aA s s t r a in e d  la y e rs "  
R.H. Dixon and P .J. Goodhew. J.Appl. Phys. (in p ress)
"P lan  v iew  m ic ro scopy  o f  s t r a in e d  la y e r  s u p e r la t t ic e s "
P.J. Goodhew, R.H. Dixon, A. Colclough, K.P. Homewood, M.T. Emeny and
C.R. W hitehouse, IOP Conf. Ser. N°100, 325, (1989)
"A g e o m e tric  a p p ro a c h  to  c r i t i c a l  th ic k n e s s  in  s t r a in e d  la y e r  g ro w th "
D.J. Dunstan, S. Young and R.H. Dixon (in p repara tion )
"The s t r u c tu r e  o f  s t r a in e d - la y e r  w e lls  in  InG aA s/G aA s"
R.H. Dixon, P. Kidd, P .J. Goodhew, M.T. Emeny and C.R. W hitehouse, IOP 
Conf. Ser. N°98, 407, (1989)
CHAPTER 1
INTRODUCTION
A new fie ld  in sem iconductor physics, th e  e lec tron ic  and op tical 
behaviour o f Low Dimensional S tru c tu re s  (LDS), began w ith  th e  advent of 
th e  g row th  techniques M olecular Beam E pitaxy  (MBE) and Metal Organic 
Chemical Vapour Deposition (MOCVD). These techniques dem onstra ted  the  
ab ility  to  fo rm  u ltra th in  film s to  w ith in  m onolayer accuaracy , and led 
to  th e  proposal fo r  an "engineered" LDS su p e rla ttic e  by Esaki and Tsu in 
1969 (E saki 1970). I t  w as in 1974 however, th a t  Dingle’s op tical 
abso rp tion  m easurem ents unequivocally dem onstra ted  th e  reduced  
dim ensionality  through  the  quan tiza tion  of energy levels in quantum  
w ells, form ed from  u ltra th in  layers  (50A) o f GaAs sandw iched betw een 
re la tive ly  th ick  layers  o f AlGaAs (D ingle 1974).
Since th e  early  seventies a  considerable re se a rc h  e f fo r t  has been 
expended in the  fie ld  of LDS, both in th e  fundam ental physics and the  
exp lo ita tion  of these  s tru c tu re s  as usefu l devices. The m ost s ig n ifican t 
devices u tilis in g  the  tw o dim ensional n a tu re  o f these  s tru c tu re s  a re  
High E lectron  Mobility T ra n sis to rs  (HEMTs) and quantum  w ell la se rs . An 
essen tia l requ irem ent in producing such devices is th e  s tru c tu ra l  
c h a ra c te r isa tio n  of th e  various design p a ram ete rs , such as a c c u ra te  
knowledge of the  layer w idth, p lan a rity  and d e fec t density , fo r  exam ple. 
Few c h a ra c te r isa tio n  techniques a re  availab le  th a t  achieve th is  
d irec tly , but one is  T ransm ission E lectron  Microscopy (TEM), which 
provides d ire c t physical evidence of a  s tru c tu re  to  high sp a tia l
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reso lu tion . TEM is used in th is  work to  c h a ra c te r ise  th e  in te rfa c e s  and 
d e fe c ts  p resen t in these  com m ercially im portan t LDS s tru c tu re s .
This th es is  describes stud ies c a rr ie d  out on ep itax ia l lay e rs  of te rn a ry  
group I I I - V  m a te ria l (GainAs) on b inary  group I I I - V  s u b s tra te s  (InP and 
GaAs). Two d iffe re n t m ethods of g row th  w ere  employed to  grow  the  
d if fe re n t system s, MBE and MOCVD. The m ate ria l system s stud ied  fa ll  into 
tw o ca tag o ries , s tra in e d  and unstra ined  ep itax ia l th in  film s, th a t  w ill 
divide th e  th es is  into tw o sections, d e fec ts  in  s tra in e d  and unstra ined  
I I I - V  compound sem iconductors. The c h a ra c te r isa tio n  technique employed 
w as TEM.
The la ttic e  m atched InP/G a In As system  w as exam ined fo r  g row th
0 .47  0 .53  J
s tep s  caused by delibera te  su b s tra te  m iso rien ta tion  in th e  MOCVD grow th  
technique, n ecessita ting  high reso lu tion  e lec tron  m icroscopy (HREM) in 
th e ir  investigation  due to  th e ir  atom ic scale  dim ensions. Com puter 
sim ulation  o f HREM images w as an in teg ra l p a r t  o f th is  technique and w as 
discussed  in detail.
S tra ined  ep itax ia l layers of GaAs/Galn In As grow n by MBE in th e  range
X l - x
x=0.10 to  0.25 w ere examined by conventional TEM in o rd e r  to  investiga te  
d e fec ts  th a t  re su lt  from  the  s tra in  caused by th e  d iffe rin g  la t tic e  
p a ram ete rs . These defec ts  w ere p rim arily  m is f it d islocations th a t  helped 
to  relieve  th e  s tra in  caused by the  m ism atch betw een th e  lay ers  and 
su b s tra te .
The th es is  is s tru c tu re d  in the  follow ing m anner; c h ap te r 2 deals w ith  
d e fec ts  in the  nominally unstra ined  system  InP/G alnA s, and describes in
2
d e ta il th e  theo ry  behind HREM and image sim ulation, and also  re c e n t work
in th is  system . C hapter 3 contains th e  experim en tal techniques. The
re s u lts  o f the  m icroscopy of InP/G a In As a re  p resen ted  along w ith
0 .4 7  0 .53
a  discussion in chap te r 4. Chapter 5 contains th e  th eo ry  and previous 
w ork w ith  GaAs/Ga In As s tra in ed  ep itax ia l layers , w ith  th e  re s u lts  of
X l - x
TEM experim ents in th is  system  given in c h ap te r 6. F inally  the
conclusions a re  p resen ted  in chap ter 7.
Concerning the  layout o f the  con ten ts of th e  th es is , a  con ten ts  page is 
p resen ted  a t  the  f ro n t of each chap ter, de ta iling  th e  to p ics  covered.
The location  of each chap ter is found by use o f th e  g en era l con ten ts  a t  
th e  very  beginning.
3
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2.1 In tro d u c tio n
When grow ing layered  s tru c tu re s  fo r  devices, a  layer is  grow n on a 
s u b s tra te  ep itax ia lly , th a t  is, th e  grow ing layers  a re  encouraged 
(som etim es by tem p e ra tu re s  up to  700°C) to  assum e th e  re g u la r  o rd ered  
n a tu re  o f th e  su b s tra te . An example o f a  typ ica l layered  s tru c tu re  is 
shown in  f ig u r e  2.1, which shows a q u a te rn a ry  m ultiple quantum  well 
s tru c tu re  (MQW) containing fou r d iffe re n t w ell (or layer) w id ths. The 
in te r fa c e s  in th ese  s tru c tu re s  a re  of ex trem e im portance, as  m ost 
devices w ill re ly  on th e ir  quality  fo r  th e ir  perform ance.
V arious types o f s tru c tu re  a re  grown, and can be d istingu ished  by th e  
num ber o f in te r f  aces p resen t. Exam ples a re  single and double 
h e te ro junc tions , MQW’s which can have d iffe re n t layer th ick n esses  and 
super la t t ic e s  which have num erous layers  of equal th ickness. All o f 
these  con figu ra tions  have been used to  produce lase rs , LED’s, d e te c to rs  
and various kinds o f solid s ta te  devices. Unlike junction  type  devices, 
MQW’s and su p e rla ttic e s  (SL) a re  of increasing  im portance because o f 
th e ir  use of quantum  confinem ent to  modify th e  band p ro p e r tie s  o f th e  
bulk c ry s ta l. By making the  layers th in , i.e. of the  o rd er o f a  few  ten s
of A, s tro n g  quantum  e ffe c ts  produce e x tra  s ta te s  in th e  energy  gap  o f
th e  host m a te ria l, changing i ts  optical c h a ra c te r is tic s  as a  fu n c tio n  o f 
th e  ep ilayer o r well w idth. E lectronic p ro p ertie s , such as  th e  c a r r ie r  
m obility, a re  a lso  strong ly  enhanced because the  confinem ent reduces 
s c a tte r in g  by ionised im purities pa ra lle l to  the  well.
A whole host o f new devices and possib ilities has em erged as  a  r e s u l t  of
5
Quaternary wells:
35A
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(100) and (100)2°-(110)
Figure 2.1 Example of GalnAsP/InP quantum wells (diagram 
courtesy of STC PLC).
quantum  confinem ent, no t lea s t the  ab ility  to  ta i lo r  the  band p ro p e r tie s  
as  a  function  of choice of system  and well w idth. For exam ple, MQW 
la se rs  m ade from  GalnAs w ells in an InP su b s tra te  can be grow n la t tic e  
m atched and tuned  to  em it a t  1.55pm, corresponding to  a  f ib re  signal 
d ispersion  minimum in th e  g lass  used in f ib re  optics com m unications.
2.1.1 C ry s ta l  G ro w th
The te rn a ry  compounds stud ied  in th is  work w ere grow n by MOCVD and MBE. 
MOCVD w as p a rtic u la r ly  su ited  to  the  grow th  of AlGaAs device s tru c tu re s , 
the  o rig inal driv ing fo rc e  fo r  i ts  development (L udow ise 1985). MBE has 
been employed ex tensively  in the  grow th of many I I I - V  system s, providing 
atom ic ab ru p tn ess  and in te rfa c ia l sm oothness betw een lay ers  o f d if fe re n t  
la ttic e -m a tc h e d  and m ism atched c ry sta lline  sem iconductors. MOCVD is 
s ti l l  expanding rap id ly , especially  in the  InP/GalnAs, InP /G alnP  and 
antim onide m a te ria ls , im portan t op to -e lec tron ic  m a te ria ls  fo r  th e  
telecom m unications industry .
Of th e  a lte rn a tiv e  ep itax ia l techniques such as Liquid Phase E p itaxy  
(LPE), hydride and chloride vapour phase epitaxy, etc; MOCVD and MBE 
have proved capable o f growing the  w idest v a rie ty  of te rn a ry  compounds, 
w ith  excellen t con tro l and uniform ity . V ariations in th e  lay e r th ickness 
a t  the  m onolayer level have been rep o rted  (F r i j l in k  an d  M alu en d a  1982, 
G r i f f i th s  e t  al 1983 and B row n e t  al 1984).
A b r ie f  ou tline of th e  MOCVD technique w ill now be p resen ted , b u t fo r  a  
com prehensive review  see L udow ise (1985). In the  MOCVD technique, a lkyls
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of the  group I I I  m eta ls  and hydrides of group V elem ents a re  used as  the  
p recu rso r species. D ilute vapours of these  chem icals a re  tra n sp o rte d  a t  
o r n ea r room  te m p e ra tu re  to  a  ho t zone w here a pyro lysis reac tio n
occurs. The g enera lised  reac tio n  fo r  te rn a ry  compounds is as  follow s:
R3M + EH3 => ME3 + 3RH (2.1)
Where :
M = Al, Ga o r In
R = CH o r C0H_
2  2 d
E = P, As o r Sb
A mixed alloy of th e  type M M’ E e.g. Ga Al As is ob tained  if
l - x  x  0 .7  0 .3
m ore th an  one rea c tio n  such as  in equation (2.1) occurs sim ultaneously.
The desired  com position is produced by contro lling  th e  r a te s  o f th ese  
reac tions . A re se a rc h  scale  m achine can typ ically  accom m odate one o r tw o 
w a fe rs  of about 2" in d iam eter in th e  uniform  deposition a rea .
2.1.2 S u b s tra te  O r ie n ta tio n
MOCVD-prepared te rn a ry  compounds a re  o f ten  grow n w ith  a  s lig h t known 
m iso rien ta tion  aw ay from  an ex ac t low index c ry sta llo g rap h ic  plane. A 
common technique used is to  cu t the  <100> su b s tra te  to w ard s  <110>, 
usually  in th e  reg ion  o f 1-5° (O lsen e t  al 1986 and M izuguch i e t  al
1986).
The m ajor sign ificance of m isorien ted  grow th appears to  be im proved
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ep itaxy  and in te rfa c ia l s tru c tu re . Of p a rtic u la r  note is the  reduction  
of an ti-p h ase  dom ains (APD). F ig u re  2 .2  shows the  e ffe c t  of d e lib e ra te  
s u b s tra te  m isorien ta tion . A se rie s  of te r ra c e s  sep ara ted  by s tep s  re su lt  
whose height is re la te d  to  th e  average te r ra c e  length. The s tep s  appear 
to  behave as  nucleation  s ite s  fo r  th e  grow ing layer, and m ain ta in  the  
phase o f th e  g row th  a t  th e  advancing s tep  fro n t. O therw ise the  impinging 
atom s w ill have no p re fe rre d  nucleation  s ite s  and islands appear th a t  
may be ou t of phase when they  coalesce, producing an ti-p h ase  boundaries 
(APB).
2.1.3 S tep s
Steps a ris in g  from  the  g row th  technique can have s ig n ifican t e ffe c ts  on 
the  ac tua l device perfo rm ance. While such approaches help to  e lim inate  
many of the  m ore g ro ss de fec ts , th e ir  presence can s ti l l  be de tec ted  
when m easuring the  ou tpu t c h a ra c te r is tic s  of the  device. For in stance, a 
grow th  step  in a  MQW in te rfa c e  w ill m an ifes t i ts e lf  as a  f lu c tu a tio n  in 
th e  layer o r well w idth  and can be detec ted  by photolum inescence 
m easurem ents.
Clearly, i f  a  device is requ ired  to  produce a  specific  w avelength from  
tra n s itio n s  resu ltin g  from  th e  well size, a  flu c tu a tio n  which may 
co n stitu te  upw ards of 10% of th e  well dimensions caused by a  s tep  of 
un it cell height (approx 5.6A in GaAs) may a lte r  the  band p ro p ertie s  
th a t  one is try in g  to  ta ilo r . The id en tifica tion  of s tep s  is also  
im portan t because they  can a f fe c t  th e  tra n s p o r t  p ro p ertie s  of e lec tro n s 
pa ra lle l to  the  layer in te rface . T ransm ission  E lectron Microscopy (TEM)
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misorientation
is a  very good way of addressing  a  problem  of th is  n a tu re , p a rticu la rly  
as  i t  can provide physical id en tifica tio n  of s tep  heigh ts and density.
2 .2  H igh R e so lu tio n  E le c tro n  M icroscopy (HREM)
2.2.1 In tro d u c tio n
The HREM image is form ed in tw o stages: f i r s t  th e  specim en s c a t te r s  the
incident e lec tro n  beam  in to  th e  sc a tte re d  beam s, which become com pletely
se p ara te d  a t  the  back -focal plane of th e  objective lens. Then the  lenses 
o f th e  m icroscope b ring  th e  beam s back in to  coincidence a t  th e  level of 
th e  image. A schem atic d iagram  ind icating  th e  image fo rm ation  p rocess is 
shown in f ig u r e  2.3. The HREM image is th e re fo re  alw ays sim ply an
in te r f  erence p a tte rn , and as such i t  is easily  changed by m inor
ad justm en ts  of th e  many in strum en ta l p a ra m e te rs  th a t  govern th e  way th e  
sc a tte re d  beams a re  made to  coincide.
Some of th e  in te r f  erence p a tte rn s  b ea r a  close resem blance to  th e  
specim en, and a re  called  ’s tru c tu re  im ages’. Many m ore b ea r l i t t le  
resem blance to  th e  specim en, and can lead to  erroneous conclusions about 
th e  specim en s tru c tu re  (jK rivanek  i 1988). These a re  known as ’la ttic e  
im ages’, and o ften  req u ire  image sim ulation  in o rd er to  deconvolute to  
th e  o rig inal specim en s tru c tu re .
The m ajor recen t change in in stru m en ta tio n  is the  appearance and 
extension  of HREM a t  300-400kV  (B o u rre t 1988). The op tica l 
c h a ra c te r is tic s  of these  in strum en ts include very good lens design,
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usually  m easured as the  am ount in m illim etres by which th e  beams deviate 
fro m  th e  focal point. For exam ple th ese  in stru m en ts  have lenses w ith  
spherica l a b e rra tio n  coeffic ien ts  (C ) o f 1mm o r less, as  well as good
s
m echanical and e lec trica l s tab ility . These advan tages enable these  
m achines to  a tta in  a  point to  point reso lu tion  com parable to  higher 
voltage m icroscopes (H u tch ison  1986).
The poin t to  point reso lu tion  in B right Field (BF) im aging mode a t
+
optimum (Scherzer) d e fo cu s '(see  2 .2.4) is given by :
r  = 0.67A3/4C 1/4 (2.2)
F or a  400kV m icroscope and C =1.0mm th is  would correspond  to  1.67A.
S
However, th e re  a re  cases when th e  in fo rm ation  lim it can be h igher than  
th is , i.e. ’tun ing’ the  m icroscope to  sp a tia l frequenc ies p resen t 
| beyond th e  point resolution! can increase  reso lu tion  to  1.2A
(H u tch ison  1986).
Equation (2.2) re f le c ts  a  tre n d  in m icroscope design to w ard s  h igher 
voltage and b e tte r  optics, i.e. sh o rte r  w avelength and sm alle r C value.
s
These types of m icroscopes have th e re fo re  been welcomed because o f the  
reduced engineering problem s and perhaps m ore s ig n ifican tly  th e  r a te  of 
specim en damage th a t  would accompany a  u l t r a  high voltage in strum en t 
(such as a  1MV) (Sm ith  1988).
Increased  reso lu tion  has had im portan t consequences, th e  m ain one being 
th e  increased  num ber of observable zone axes (up to  e igh t in a  diamond
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1+ The Scherzer defocus is an important value because at this defocus it defines the; 
maximum size of a diffracting vector in reciprocal space that can be transmitted without; 
changes in the phase relationships, or without significant attenuation. Inside the cut-off 
point, called the Scherzer or point resolution, all the reflecting beams have the same j 
phase relationships, which removes ambiguities in interpretation of light and darkj 
contrast in HREM images. I
cubic s tru c tu re  and fo u r in fee  and bee s tru c tu re s ) . This m eans th a t  
’t r u e ’ atom ic column imaging can be achieved easily  in th e  m ore common 
low index d irec tions, <001>, <110> and <111>. One obvious advantage is 
th a t  i t  becomes possible to  make a s tereoscop ic  view of th e  same 
s tru c tu re  by imaging i t  along tw o d if fe re n t axes o f observation , and 
th e reb y  construc ting  a  th ree-d im ensional model o f th e  fe a tu re . I t  is 
techn iques such as these  th a t  ex tend  th e  an a ly tica l u sefu lness of the  
HREM.
2 .2 .2  HREM Im aging
The m ost common fo rm  of imaging mode used in HREM is called  th e  ax ia l 
mode (Thom as a n d  G oringe 1979). A common co n figu ra tion  is to  view the  
specim en w ith  th e  e lec tron  beam p ara lle l to  th e  <110> pole. The 
corresponding  d iff ra c tio n  p a tte rn  (see f ig u r e  2.4) con ta in s fo u r  {111) 
type  beam s, tw o {002} type | beam s and th e  c e n tra l beam. Unlike some of 
th e  f i r s t  la ttic e  images taken  in the  1950’s, m ore th an  tw o beam s a re  
used and th e  technique is re fe rre d  to  as many beam  la t tic e  im aging.
As d iscussed in the  in troduction  to  th is  section , in o rd e r  to  understand  
th e  c o n tra s t a ris in g  from  fe a tu re s  in the  specim en and to  be able to  
se p a ra te  th ese  from  a r te fa c ts  due to  the  image fo rm atio n  m echanism , an 
app rec ia tion  of the  physics behind tak ing  th e  p ic tu re  is  needed. The 
recom bination  of the  beams a t  th e  image plane is very sensitive  to  the  
m icroscope and also specimen p aram ete rs . I t  is th e re fo re  im p o rtan t to  be 
ab le  to  m easure  th e  conditions under which th e  m icrograph  w as taken . Two 
very  im portan t p a ram ete rs  th a t  it  is help f ul to  de term ine  a re  the
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m icroscope defocus, o r position aw ay from  the  foca l po in t o f th e  sam ple, 
and th e  specim en th ickness. The e ffe c t o f these  va riab les  on HREM images 
is  described  below.
2 .2 .3  O ptical d iffractogram  an a lysis
The op tica l d iffrac to g ram  gives the  pow er spectrum  of th e  sp a tia l 
com ponents o f the  image, and can be obtained e ith e r  on -line  by com puter 
o r by using an optical bench and lase r. A se rie s  o f rin g s , whose 
in te n s itie s  a re  p roportional to  the  m agnitude o f th e  tra n sm itte d  
frequenc ies , ind icate  the  sp a tia l in form ation  tra n sm itte d  along the  
m icroscope column to  the  image plane. In the  case of th e  op tica l bench, 
a  la s e r  is focussed on an amorphous a re a  of th e  m icrograph  to  produce 
th e  r in g s , and th e  specimen s tru c tu re  produces a  spo t p a tte rn  th a t  can 
be c a lib ra ted  in o rder to  m easure the  ring  d iam eters.
Much in fo rm ation  about the  m icroscope is contained in th e  rings; fo r  
exam ple th e  spherical ab e rra tio n  p a ram ete r C , beam divergence and
s
defocus (s tren g th  of the  objective lens). An exam ple o f a  t e s t  op tica l 
d iff ra c to g ra m  is  shown in f ig u r e  2.5. The • e l l ip t ic i ty , o f th e  r in g s  
also  gives an es tim ate  of the  amount of astigm atism  in th e  image.
2 .2 .4  C ontrast T ran sfer  Functions
The C o n tras t T ra n sfe r  Function (CTF) of a m icroscope is  closely  re la te d  
to  th e  op tica l d iffrac tog ram . Optical d iffra c to g ra m s provide in fo rm ation  
about how much of reciprocal space w as sam pled by th e  m icroscope, and 
also  th e  m agnitude of the re flec tio n s  th a t  w ere tra n sm itte d . The CTF
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Figure 2.5 Example of an optical diffractogram, which indicates the 
spatial frequencies transm it ted  in the microscope.
revea ls  th e  maximum size of a  d iff ra c te d  beam in ! rec ip ro ca l space th a t  is 
d ire c tly  tra n sm itte d , i.e. is unaffec ted  by phase e ffe c ts  applied  by the  
envelope function  of the  m icroscope in strum en ta tion  and lenses.
The CTF is  ob tained  by p lo ttin g  sin  (^), th e  phase angle applied  to  th e  
s c a tte re d  beam s by th e  objective ap e rtu re , versus s p a tia l  frequency  in 
rec ip ro ca l space. At c e rta in  def ocus values such a s  th e  S cherzer 
defocus, a  b road  band e x is ts  w here the  phase is 90° and sin  (x) is n ea r
1. This can be seen in f ig u r e  2.6, w here the  CTF curve is  p lo tted  fo r  
our own JEOL 2000FX 200kV m icroscope a t  a  Scherzer defocus o f (-925A).
The equations used to  produce th is  curve include m ost o f the  
in stru m en ta l p a ram ete rs  such as C , beam divergence and e lec tro n
s
w avelength, as  well as a  damping function  th a t  uses an envelope function  
of a ll th e  m ajo r in strum en ta l fa c to rs  contained in th e  ob jec tive  lens. 
The dam ping function  has th e  e ffe c t of reducing sin(^) and lim iting  th e  
sp a tia l frequenc ies th a t  can be re liab ly  in te rp re te d , p a r t ic u la r ly  n ea r 
th e  f i r s t  c ro ss-o v er point (Scherzer reso lu tion  a t  -925A in our case). 
When th e  sign of the  phase angle changes, so does th e  im age c o n tra s t, 
which changes from  black to  w hite or v ice-versa.
2 .2 .5  In te n s i ty  v e rsu s  T h ickness P lo ts
The CTF and op tica l d iffrac to g ram  enable one to  in te rp re t  th e  c o n tra s t  
in an image, bu t i t  is also possible to  see how th e  im age c o n tra s t  is 
m odulated by the  specimen th ickness a t  any given point. D iffra c te d  
in tensity  versus th ickness p lots give the  m agnitude o f in te n s itie s  of
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specific  d if f ra c te d  beam s in the  m icroscope image. For exam ple, in a 
<110> seven beam  la ttic e  image th e  re la tiv e  in ten s itie s  o f the  
con tribu ting  111 and 002 beams can be d iffe re n t as a  function  of 
th ickness. In th is  way i t  is possible to  exp lo it any observed 
d iffe ren ces  in  th e  in ten s itie s  o f the  beam s by se lec ting  a  su itab le  
th ickness regim e.
In form ation  o f th is  n a tu re  allow s one to  analyse the  c o n tra s t  in the  
la ttic e  image, by find ing  which beams a re  con tribu ting  m ost s tro n g ly  in 
th e  image. Convergent beam elec tron  d iffra c tio n  o r con tam ination  spo ts  
a re  needed to  find  th e  th ickness of the  specimen. A lternatively , im age 
sim ulation  can be used to  find  the  th ickness under which th e  im age w as 
form ed. The m odulation of image in tensity  w ith  th ickness w as 
dem onstra ted  by H u tch iso n  e t  al (1986a) w ith  CdTe, w here th ey  w ere 
in te re s ted  p rim arily  in finding specific  imaging ’windows’ o f defocus 
and th ickness to  enhance the  in te rface  c o n tra s t. They w ere able to  show 
th a t  th e  002 and 002, and also the  111 and i l l  in te n s itie s  exh ib ited  
d if fe re n t behaviours w ith  th ickness as a  re su lt  of the  low sym m etry  of 
th e  zincblende s tru c tu re  com pared to  the  diamond cubic s tru c tu re  of 
silicon o r germ anium . Notably, in tensity  versus th ickness analysis  has 
also  been used to  exam ine in te rfa c es  by O urm azd  e t  al (1987) and 
H e th e r in g to n  e t  a l (1985).
D iffra c te d  in ten s ity  versus th ickness p lo ts a re  produced by th e  
m ultislice  ro u tin e  p rogram s, described in section 2.3, and an exam ple 
fo r  GaAs is shown in f ig u r e  2.7. The program  p lo ts th e  phases and 
in ten s itie s  of the  selected  beams.
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Figure 2.7 Intensity versus thickness for <111> planes in GaAs.
I t is im p o rtan t to  note  th a t  o ften  the  in tensity  is ca lcu la ted  fo r  
th icknesses up to  300A, which is considered th ick  by HREM sta n d a rd s . 
This is because fo r  th ick  sam ples the  weak phase ob jec t approx im ation  
(WPO) does not hold, i.e . th e  sc a tte r in g  is no longer k inem atical b u t 
dynam ical in n a tu re . The WPO approxim ation can be understood a s  th e  
s itu a tio n  w here th e  in ten sity  of the  e lec tron  beam is p ro p o rtio n a l to  
th e  e le c tro s ta t ic  p o ten tia l of the  atom s, which only occurs fo r  a  very 
th in  slice  o f m a te ria l. In ’r e a l ’ th ick  c ry s ta ls  in te rp re tin g  the  
c o n tra s t is considerably  m ore d iff ic u lt as the  e ffe c ts  o f m ultip le  
sc a tte r in g  events m ust be included in any analysis. The WPO is though t 
to  hold fo r  th icknesses of about 1/4 of the  ex tinc tion  d istance  in th e  
sam ple, i.e . about 60A in silicon and about 18A in denser m a te ria ls  such 
as  gold.
However, in c ry s ta ls  considerably  th icker than  those governed by th e  WPO 
approxim ation  i t  is possible th a t  regim es of improved in te rfa c e  c o n tra s t  
ex is t. For exam ple, judicious choice of a  dom inating re f lec tio n  in one 
compound w ith  re sp e c t to  ano ther could be used, as  described  by 
H u tch iso n  e t  a l (1986a) above. If  th is  helps the  id en tif ica tio n  o f s te p s  
i t  would then  be possible to  assess  th e ir  density  and possible e f f e c t  on 
device operation .
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2.3 HREM o f  III-V  se m ic o n d u c to r  in te r f a c e s  -  l i t e r a tu r e
2.3.1 I n te r f a c e s  in  In P /G a  In  As an d  o th e r  com pounds
0 .4 7  0 .53
InP based Gain As has become a  very im portan t m a te ria l fo r
op to -e lec tron ic  app lications, p a rticu la rly  as GaQ 4?Ino ^ A s  on InP
su b s tra te s  is  la t t ic e  p a ra m e te r  m atched. These m ate ria ls  em it rad ia tio n
in th e  n ea r in fra  red  (IR) range  1.3-1.7pm, im p o rtan t to  the
telecom m unications industry  fo r  f ib re  optic  com m unications n ea r IR LED 
m ate ria ls . S cien tific  in te re s t  in these  m ate ria ls  is w idespread.
GalnAs grow n la ttic e  m atched to  InP by MOCVD has been stud ied  
extensively  by TEM, and is found to  be essen tia lly  d e fec t f re e  in the
in te rfa c ia l regions (O urm azd  e t  al 1987, M a lla rd  e t  al 1987, C a rey  e t  al
1986 and Chew e t  al 1987). The dom inant s tru c tu ra l  fe a tu re  in th ese
te rn a ry  quantum  w ells is non -p lan arity  of the  layer in te rfa c e s  (Chew  e t  
al 1987). In th e  la t tic e  m atched system , the  quantum  w ell boundaries
w ere f  ound to  be asym m etric , the  InGaAs to  InP g row th  in te r f  aces 
exhib iting  g re a te r  topograph ical undulations th an  th e  corresponding  InP
to  InGaAs junctions. The am plitude of these  flu c tu a tio n s  w as enough to  
destroy  th e  th in n est layer, which w as about 20A, and of th e  o rd e r  of 
thousands o f A in w avelength. This e f fe c t  could be rem oved by ca re fu lly  
optim ising th e  c a r r ie r  gas flow  ra te .
This has also  been found by EDX analysis (McGibbon e t  al 1988 and 
M cGibbon e t  al 1988a) and by X -ray  d iff ra c tio n  by (V andenberg  e t  al
1986) w here th e  f lu c tu a tio n  in the  well th ickness w as of th e  o rd e r  of
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12A. This phenomenon is thought to  be due to  th e  nucleation  and in itia l 
g row th  behaviour of the  InGaAs, and in p a rtic u la r  to  th e  c a rry -o v e r  of 
a rsen ic  in to  the  InP due to  th e  p resence of residua l a rs in e  in th e  
g row th  re a c to r  a f te r  cessa tion  o f th e  InGaAs g row th  (McGibbon e t  al 
1988b).
There have also  been re p o r ts  o f alloy c lu ste rin g  in the  InGaAs layers
betw een th e  indium and gallium  ric h  a re a s  (N orm an and B ooker 1985). This
e ffe c t w as de tec ted  by exam ination o f th e  e lec tron  d iff ra c tio n  p a tte rn s  
of InP/GalnAs super la ttic e s , which, due to  the  periodic n a tu re  o f the  
quantum  w ells, produces su p e rla ttic e  re f lec tio n s  in much th e  sam e way as 
the  base c ry s ta l produces th e  conventional la ttic e  re flec tio n s . This 
technique provides usefu l in fo rm ation  on layer w idths and com positional 
p ro file s  (K uan 1984).
The chemical ab rup tness of the  layers  has been estim ated  by severa l 
o ther w orkers using HREM. M alla rd  e t  a l (1987) re p o r t  in te rfa c e  
ab rup tness to  one m onolayer (2.8A) and also  d istinguish  s tep s  of th is  
height using a  400kV instrum ent.
C arey  e t  al (1986) looked a t  double h e te ro s tru c tu re s  grow n by 
atm ospheric p ressu re  MOCVD. They found in te rfa c e  tra n s itio n  w id ths of 
12A or less and again  the  asym m etry of th e  quantum  well boundaries. The
GalnAs had an in te rfa c e  w idth o f abou t 12A w hile the  su b s tra te  side w as
6A. These in te rfa c es  w ere designated  type I and type II respectively . 
Even though th e  sam ples w ere grow n 3° o ff  ax is, s tep s  could not be 
resolved d irec tly  because of th e  tra n s itio n  w idths, although s tr a in
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visible in low er reso lu tion  m icrographs w as taken  to  be ind irec t 
evidence fo r  the  presence of steps.
I t  is  c le a r  th a t  asym m etry in th e  in te rfa c e  w id ths and n o n -p lan arity  
considerably  reduce the  ab ility  to  im age s tep s  o f single and double 
plane height in th is  m ate ria l, and th a t  th e  choice o f in te rfa c e  type  is 
sig n ifican t. The in te rfa c e  d iffuseness is  less m arked in th e  type II 
in te rfa c e , i.e. th e  InP b u ffe r  layer grow ing on the  GalnAs epilayer, 
fa c ili ta t in g  easie r  iden tifica tion  of f lu c tu a tio n s  a t  th e  m onolayer 
level. Where th e  m ate ria l has been grow n w ithou t th is  problem , i t  has 
been possible to  image th is  system  and assign  changes in c o n tra s t to  
s tep s  of m onolayer height (H u tch ison  1987). This is achieved by choosing 
focus and th ickness conditions th a t  optim ise th e  con tribu tions of the  
various d iff ra c tin g  beams. A 400kV m icroscope w as used to  ob tain  images 
p a ra lle l to  the  [100] d irection , and th e  in te rfa c e  w as found to  be 
sm ooth a t  the  atom ic level, s tep s  being easily  delineated . Image 
sim ulations w ere also used to  p red ic t th a t  th e  in te r f  ace c o n tra s t did 
no t change appreciably  w ith  th ickness a t  th is  region.
EDX has been p a rticu la rly  usefu l in showing th a t  even when the  m ate ria l 
appears s tru c tu ra lly  p e rfe c t by TEM, th e re  can be s ig n ifican t As and Ga 
con ten t beyond th e  boundaries of the  InGaAs layers. This em phasises a  
requ irem en t fo r  HREM to  be able to  d e tec t th e  degree of change in 
com position acro ss an in te rfa c e  in o rder to  d istingu ish  steps.
W rig h t and W illiam s (1985) proposed th a t  an in te rfa c e , a t  le a s t in 
GaAs/AlGaAs, will appear d iffuse  even if  chem ically ab ru p t because of
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s u rfa c e  roughening. This is also expressed  by H e th e r in g to n  e t  a l (1985), 
who proposed th a t  a  s tep  in th e  in te r f  ace along th e  m iddle of a 
c ro ss -se c tio n a l sam ple would show up as a  d iffu se  in te r fa c e  because of 
s u r f  ace roughening of th e  sample. This would ce rta in ly  be th e  case if  
th e  roughening contained a  period  th a t  w as g re a te r  th a n  th e  overall 
specim en c o n tra s t change betw een the  tw o m ate ria ls .
The m ost prom ising approach to  identify ing  in te rfa c e  and s tep  s tru c tu re  
occurs in a  paper by O urm azd  e t  al (1987) w here they  use th e  wide angle 
t i l t  ab ility  of th e ir  m icroscope to  image m ore th an  one d irec tio n  of the  
sam e fe a tu re , opening up the  th ird  dimension of th e  in te rfa c e . A 400kV 
m icroscope is used th a t  perm its  <220> and <002> sp a tia l frequenc ies to
co n trib u te  to  the  image near optimum defocus, and exp lo it a  d iffe ren ce
in th e  f in e  la ttic e  frin g e  p a tte rn  due to  th ese  com ponents in th e  tw o 
m a te ria ls . In the  th ickness range 70-150A, th e  <002> beam  is  dom inant in 
InP, w hile th e  <220> dom inates in th e  GalnAs. Here, random  e ffe c ts  
m odulate the  background in tensity  bu t not th e  d e fin ite  period icity  
changes in the  la ttic e  image due to  well w idth  f lu c tu a tio n s . By til tin g  
fro m  (110) to  (100) they  w ere able to  iden tify  m onolayer he igh t s tep s  in 
InP/G alnA s, thus providing s tru c tu ra l  in fo rm ation  th a t  could not be 
a tta in e d  by any o ther analy tica l technique.
This rep re sen ts  a  considerable enhancem ent of HREM as a d iagnostic  tool, 
im proving i ts  com plem entary n a tu re  when used in conjunction w ith  
techn iques such as EDX to  fu lly  c h a ra c te r ise  in te rfa c es . The chem ical 
sen sitiv ity  of HREM can be improved and th is  problem  has been addressed
by Howe e t  al (1988). In th is  work they  consider th e  c o n tra s t  in a
la t tic e  image in te rm s of w hat elem ents occupy the  atom ic colum ns norm al
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to  th e  beam  d irection . T heir work determ ines th e  minimum concen tra tion  
o f so lu te  (indium in a GalnAs layer fo r  exam ple) th a t  produces a
s ig n if ic a n t change in image c o n tra s t of a  m a tr ix  of a rb i t r a ry  atom ic 
num ber, dem onstra ting  th a t  local changes in specim en chem istry  produce 
re g u la r  changes in image c o n tra s t. Using a  sim ple ru le  o f m ix tu re s  fo r  
th e  atom ic column occupancies, and image sim ulation , th ey  found th a t
s tru c tu re  im aging should be capable o f de term ining  th e  com position of
individual atom ic columns to  w ith in  a t  lea s t 15% in many cases by eye,
and to  a  few  p ercen t if  in tensity  d a ta  is used. This is co rro b o ra te d  by
O u rm azd  e t  a l (1987) who s ta te  th a t  when a  s tep  (even o f m onolayer 
height) c o n s titu te s  m ore th an  1/3 of an atom ic column, i t  should be 
detec tab le .
This allow s a  m ore q uan tita tive  approach to  be applied to  in te r  d iffu sion  
and ab ru p tn ess  of m ultilayer s tru c tu re s , and provides a  way o f a ssessing
th e  c o n tra s t  th a t  m ight be expected from  s tep s  in th e  w ells. Using
techniques such as ju s t  described and im aging f  e a tu re s  in severa l 
o rie n ta tio n s  m eans th a t  both chemical and s tru c tu ra l  in f o rm ation  is
accessed  a t  th e  atom ic level, well beyond the  sp a tia l re so lu tio n  o f m ost 
an a ly tica l techniques.
N a k a m u ra  e t  al (1988) found th a t  th e  observation  o f an a r ra y  e x tra  
b rig h t spo ts  a t  the  in te rfa c e  in GaAs/AlAs could be used u n d e rs tan d  th e  
atom ic s tep  s tru c tu re  of the  in te rface . A row  o f spo ts  b r ig h te r  th a n  th e  
layer c o n tra s t  spots w as noted, corresponding to  th e  in te r f  ace reg ion  
betw een GaAs and AlAs, and alw ays a t  th e  AlAs in te rfa c e . Image 
sim ulation  w as used to  confirm  th is. They found th a t  tw o types  o f s tep
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could be iden tified , a  s tep  norm al to  the  beam d irec tio n  in a  <110> 
p ro jec tion , which resu lted  in an e x tra  b rig h t row , and a  s tep  p a ra lle l 
to  th e  e lec tro n  beam  d irec tion , which resu lted  in th e  o bserva tion  o f a
c lea rly  de lineated  step .
This w ork shows th a t ,  in th is  system  a t  least, i t  is possib le  to  image 
s tep s  and discover th e  n a tu re  of th e  in te r f  ace, th e  s te p  density , and 
th e  app rox im ate  d istr ib u tio n  of th e  step s  betw een th e  tw o  d irec tions , 
[110] and [110]. This w as found by sim ulating a  kink in th e  top  o f an
AlAs in te rfa c e , which resu lted  in a  com bination of th e  e x tr a  b rig h t
spo ts  and c lea rly  delineated  steps.
The sha rpness  o f th e  la ttic e  m atched InP/G alnA s in te r f  ace has been
exam ined by P e tfo rd -L o n g  e t  al (1989), w here n o n -stan d a rd  HREM im aging 
is used to  gain  qua lita tive  in f orm ation of th e  sh a rp n ess  o f the  
in te rfa c e s . The defocus is varied  fo r  a  re la tive ly  th in  c ry s ta l  (~12nm)
betw een lOnm and 150nm under focus, which re su lts  in a  s h if t  in th e  
position  i f  th e  in te rfa c e  is chem ically mixed, w hereas a  sh a rp  in te r fa c e  
rem ains unchanged. I t is th e re fo re  evident th a t  n o n -s ta n d a rd  HREM 
techniques such as non Scherzer defocus values can im prove on th e  low
c o n tra s t s itu a tio n s  th a t  occur, p a rticu la rly  in th e  InP/G alnA s system .
2 .4  HREM im age s im u la tio n
2.4.1 In tro d u c tio n
We have seen in the  previous section th a t  i t  ‘ is possib le to  d ire c tly
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image th e  colum ns of atom s in the  c ry sta l. This is, how ever, only 
possible w ith in  c e rta in  re s tr ic te d  se ts  of circum stances, a  common 
s itu a tio n  being optim um  (Scherzer) defocus and a  th in  c ry s ta l. The 
Scherzer defocus fo r  a  given se t of m icroscope p a ram ete rs  is given by :
F = -1 .2  (C A)1/2 (2.3)
s
Where:
F Defocus (position above o r below th e  sam ple in A)
C  Spherical a b e rra tio n  coeffic ien t
s
A  W avelength of e lec trons
-  ---- minus sign denotes focal point above sample
The S cherzer defocus value is o ften  chosen because i t  p rov ides th e  
optimum t r a n s fe r  of sp a tia l in form ation  in m ost imaging cond itions and 
th e  c o n tra s t is m ost easily  in te rp re tab le . Also maximum atom ic num ber
c o n tra s t occurs a t  th is  focus condition (R eim er 1984).
However, in some te rn a ry  compound system s such as GaAs/GaAlAs and 
notably  InP/G alnA s (M alla rd  e t  al 1987), the  c o n tra s t betw een th e  tw o 
m ate ria ls  is low. ' It becomes necessary  th en  to  se a rc h  a
v a rie ty  of im aging conditions capable of enhancing th e  in te r fa c e
c o n tra s t, which can be investigated  by image sim ulation using re la tiv e ly  
fine  foca l se ttin g s  and th ickness varia tions.
Images such as th ese  m ust be analysed carefu lly , especially  i f  th ey  a re  
obtained using conditions th a t  do not obey the weak phase  o b jec t
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approxim ation  (WPO). Also th e  sam e is tru e  of images th a t  a re  tuned  to  
re f lec tio n s  th a t ,  w h ilst p resen t in the  optical d iffra c to g ra m , a re  no t 
w ith in  th e  S cherzer reso lu tion  lim it o r f i r s t  c ro ss-o v er poin t in th e  
CTF fo r  th e  p a r t ic u la r  m icroscope.
Com puter sim ulation  techniques can be used to  in f e r  th e  atom ic 
con figu ration  o f a  d e fec t o r in te rfa c e  by a ttem p ting  to  produce a  single 
so lu tion  to  th e  complex c o n tra s t e ffe c ts  th a t  can occur in an  image. 
U nfortunately , a t  p rese n t th e re  is no way by which the  e x it  w avefunction  
can be d irec tly  re la te d  back to  the  orig inal atom ic a rran g em en ts  th a t
gave r is e  to  th e  image, and i t  is fo r  th is  reason  th a t  th e  techn ique 
re lie s  on t r i a l  and e r ro r  to  ob tain  the  c o rre c t e x it w avef unction.
The b est one can hope fo r  in o rder to  m inimise the  num ber o f so lu tions 
is to  m easure  as  many of th e  variab les as possible, and to  be le f t  w ith  
only one, i.e. th e  th ickness of the  sample. Despite these  lim ita tio n s  i t  
is s ti l l  a  widely used technique essen tia l to  HREM, and w ill p robab ly
rem ain  so in th e  fu tu re .
2 .4 .2  The M u ltislice  Technique
T here a re  a  num ber of com puter sim ulation a lgorithm s designed to  
ca lcu la te  th e  p ro jec ted  po ten tia l of the  c ry s ta l s tru c tu re  o f a  
specim en, bu t th e  m ost widely used is the  m ultislice technique, m ainly 
due to  reduced memory space requ irem ents. Also th e  slice  th ickness,
described sho rtly , can be chosen so th a t  the  desired  c ry s ta l th ickness  
can be achieved in a  reasonable  tim e period w h ilst s ti l l  re ta in in g  a
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good approxim ation  to  th e  re a l s itua tion . I t has been found th a t  in 
p rac tice , fo r  high energy OlOOkV) e lec trons and ligh t atom s (Z<50), a
reasonab le  re s u lt  is achieved w ith  a  slice th ickness of about 2A.
The m ultislice  technique w as f i r s t  described  by Cow ley and M oodie 
(1957). The b asis  fo r  th e  m ultislice  a lgorithm  is to  envisage th e  
specim en divided in to  a  num ber o f ’th in ’ slices perpend icu lar to  th e  
incident beam  d irec tion ; ’th in ’ implying th a t  the  slice a c ts  as a  tw o 
dim ensional phase ob jec t, such as is shown in f ig u r e  2.8(b). The 
corresponding e lec tron  op tica l system  is illu s tra te d  in F ig u re  2 .8(a). 
As a consequence, th e  to ta l  phase change imposed on the  e lec tro n  wave 
(\Jj) w ith in  a  c ry s ta l o f slice  th ickness AZ can be considered to  tak e  
place on one plane s itu a te d  a t  th e  c e n tre  of the  slice. The p ropaga tion
of the  wave from  one slice  to  th e  nex t is  by Fresnel d iff ra c tio n  in a
vacuum. In th e  lim it o f th e  slice th ickness approaching zero  and th e  
num ber of slices N approaching in fin ity , such th a t  NAZ=H w here H is th e  
c ry s ta l th ickness, M oodie (1965) has shown th a t  th a t  th is  fo rm u la tion
becomes an e x ac t re p re sen ta tio n  o f the  dynamical sc a tte r in g  p rocess. A 
f in ite  slice  th ickness is used to  re la x  the  requ irem en t o f an in fin ite  
num ber o f slices, although th is  then  req u ires  the  im plem entation of 
e r ro r  checking rou tines such as  in tensity  summ ation. In tensity  sum m ation 
is used in th e  c u rre n t p rogram  described  shortly , w here th e  loss of 
in tensity  in im portan t re f lec tio n s  is calcu lated  as they  p ro p ag a te  
th rough  th e  slices.
The to ta l  e ffe c t  of the  c ry s ta l p o ten tia l on the  incident e lec tro n  plane 
wave ifj is given by the  rep e titio n  o f the  process which converts  th e
O
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Figure 2.8 (a) Electron optical system used in the calculation of 
diffracted electron amplitude and phases, (b) The 
multislice method of electron propagation through
wave leaving th e  (n -l) th slice  to  th a t  of the  nth slice, and is 
described by th e  re a l space expression:
$  (x,y) = i\p (x,y)*p (x,y)}.q (x,y) (2.4)
n n-1 n-1 n
where:
q (x,y), th e  tran sm ission  function  fo r  th e  nth slice, describes th e
n
phase change induced on th e  nth slice, p ro jec ted  onto a  plane in th e  
d irec tion  of th e  incident beam.
p (x,y), th e  F resnel p ro p ag a to r function , which t r a n s fe r s  th e  wave
n-1
from  th e  e x it  o f th e  (n -l) th slice  to  th e  en trance  of th e  nth slice.
* rep re sen ts  th e  convolution In teg ra l .
The fo rm  of if), q and p in equation (4) a re  th a t  o f continous 
q u an titie s , bu t in rec ip roca l space they  tran sfo m  in to  d isc re te  
functions, which a re  b e tte r  su ited  to  num erical evaluation (G la ish e r  
1987). The calcu la tion  is then  sw itched betw een rea l and rec ip ro ca l 
space by F ourier tran sfo rm in g . The sc a tte r in g  p rocess in rec ip ro ca l 
space is  th e re fo re :
¥ (h,k) = F[F_1{* (h,k).P(h,k)}.F-1{Q(h,k))] (2.5)
n+l n-1
where;
F = fo rw ard  F ourier tran sfo rm ing : re a l to  rec ip rocal; 
F 1 = rev erse  Fourier tran sfo rm ing : rec ip roca l to  rea l;
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The sim ulation of the  dynam ical s c a tte r in g  process (equation 2.5) 
req u ires  the  evaluation o f Q(h,k) and P(h,k), and evaluation o f equation 
(2.5) N tim es re su lts  in th e  de term ination  o f th e  e lec tron  w avefie ld  \Jj
e
(ex it w avefunction) a t  a  c ry s ta l th ickness HA (H=NAZ). A fu ll account of 
image p rocesses and image ca lcu la tion  techniques is given in G la ish e r  
(1987).
2 .4 .3  The A r t if ic ia l  S u p e rc e ll
A widely used su ite  of p rogram s using th e  m ultislice  a lgorithm  have been 
produced by M O’Keefe w ith  th e  acronym  SHRLI, sh o rt fo r  th e  Sim ulation 
of High Resolution L a ttice  Images. These p rogram s a re  capable of 
sim ulating  def ec ts  and in te r f  aces providing th e  def ec t is placed in a  
very large  un it cell, o r a r t i f ic ia l  supercell (F ie ld s  an d  C ow ley 1978).
The SHRLI su ite  consists  of fo u r m ain p rogram s, each producing ou tpu t 
f ile s  th a t  m ust be read  by the  nex t p rogram  in a  sequen tial m anner. The 
running sequence is  as follows:
1. FC0128 C alculates F ourier C oeffic ien ts of th e  c ry s ta l
po ten tia l of a  un it cell.
2. PG128 C alculates the  p ro jec ted  p o ten tia l of a  u n it o r
sub -un it o f the  un it cell.
3. MS128 Stacks these  slices, using a  p ropagation  function  to
calcu la te  the  e x it w avefron t.
4. IM128 Applies m icroscope p a ra m e te rs  to  produce th e  re s u lt  a t
the  image plane.
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The use o f th e  p re f ix  128 on the  p rogram  t i t le s  ind ica tes th e  size of 
th e  p rogram s, i.e. th a t  they  use a r ra y  s izes  based on a  128x128 f a s t  
F o u rie r tra n sfo rm .
The F ou rie r co effic ien t program  FC0128 ca lcu la tes  th e  s c a tte r in g  of a  
u n it cell, and may choose i ts  own rec ip ro ca l la t t ic e  v ec to rs  (although 
th e  c -a x is  is  alw ays th e  c o rre c t 3-dim ensional re a l  space dim ension). I t  
th e re f  o re  can choose coord inates th a t  may considerably  a lte r  the
o rig inal u n it cell and reduce th e  ca lcu la tion  size , fo r  in stance  i f  the  
s tru c tu re  is cen tro -sym m etric  such as in cubic m ate ria ls , i t  can halve 
th e  ca lcu la tion  size.
If, however, th is  cell contains a  defec t o r has an in te rfa c e  th e  p rogram  
is  fo rced  to  ca lcu la te  a ll th e  sc a tte r in g  fro m  th e  whole unit,
p a rtic u la r ly  as the  def ec t in which we a re  in te re s ted  w ill contain  
d iffu se  ine las tic  s c a tte r in g  th a t  is produced by i ts  non period icity  
w ith  th e  la ttic e . For an in te rfa c e  the  atom  positions o f th e  two 
d if fe re n t c ry s ta ls  a re  en tered  into a  very la rg e  un it cell o r a r t i f ic ia l  
supercell. The program  no longer ca lcu la tes  a  p e rfe c t  sm all un it cell 
s tru c tu re  and m ust ca lcu la te  the  sc a tte r in g  fro m  th is  la rg e  unit.
This can, however, p resen t problem s fo r  th e  s c a tte r in g  ca lcu la tion , as 
th e  p rogram s, p a rticu la rly  those based on a  128x128 ca lcu la tion  size, 
w ill reach  a lim it to  how accura te ly  th e  cell can be sam pled in a 
reasonab le  tim escale. As a ru le  of thum b, an a c cu ra te  rep re sen ta tio n  of 
th e  s tru c tu re  is obtained when the  sam pling r a te  is  about f  our
co effic ien ts  per atom  fo r  light elem ents, and possibly m ore in heavier
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ones.
This is o ften  a  very im portan t consideration  as a  d e fec t o f te n  requ ires  
a  high sam pling ra te , p a rticu la rly  n e a r  the  co re  in a  d islocation  fo r  
exam ple, to  co rrec tly  rep re sen t th e  d iffu se  sc a tte r in g  and obtain  a  
re liab le  image m atch. In th is  case i t  is im portan t to  use an  independent 
m easu re  o f th e  m agnitudes o f the  s c a tte re d  beam s such as  X -ray  data . 
A lternatively , th e  program  its e lf  can ca lcu la te  c o rre la tio n  values fo r  
each sc a tte re d  beam, which should be kept above a  value o f 0 .9 .
2 .4 .4  The M ultislice  Aperture and Period ic C ontinuation
The m ultislice  a p e rtu re  is an approxim ation used in th e  m ultislice 
a lgo rithm  very sim ila r in concept to  th a t  of th e  ob jective a p e rtu re  used 
in th e  m icroscope. For example, in a typ ica l 5 beam la t t ic e  im age (see 
HREM section) of a  <110> orien ted  fo il the  objective a p e r tu re  cu ts  o ff 
any in fo rm ation  outside the  ce n tra l and fo u r {111} type  beam s. The image 
is  an e lec tro n  in te rfe ro g ram  made up of these  five beam s.
The m ultislice  a p e rtu re  behaves in th e  sam e way but req u ire s  the  
inco rpo ra tion  of many m ore beams to  sim ulate  th e  sam e im age, even though 
they  a re  no t p resen t experim entally . The num ber o f th ese  beam s becomes 
im p o rtan t in o rder to  avoid ’a lia s in g ’ (som etim es known as w rap-around) 
e f fe c ts  in the  calcu lated  image. Aliasing is a  consequence o f th e  f a c t  
th a t  using the  m ultislice approxim ation, re a l space is  no t continuous 
b u t sam pled a t  f in ite  in tervals. This is known as  ’periodic 
con tinua tion ’. The idea of how rec ip roca l space is periodically
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continued and th e  m ultislice  a p e rtu re  is illu s tra te d  in f ig u r e  2.9.
R eciprocal space is periodically  continued w ith  a re p e a t d istan ce  o f N /a  
(A in th e  x  d irec tion , and M/b (A *) in th e  y d irec tion , w here N and 
M a re  th e  a r ra y  sizes (128x128 in our version SHRLI81E), and a  and b a re  
th e  u n it cell dim ensions in rec ip rocal space. A liasing occurs when th e  
d if f ra c te d  in ten s ity  from  one rec ip rocal space un it cell s c a t te r s  in to  
an ad jacen t u n it cell. This would rep re sen t a  physically  unreasonab le  
event since rec ip ro ca l space is not periodically  continued in re a lity ,
and i t  is no t ap p ro p ria te  fo r  sc a tte r in g  vecto rs which leave one side of 
th e  sam pled reg ion  of rec ip rocal space to  re-em erge  in th e  o th e r  side.
A liasing occurs when too many d iff ra c te d  beam s a re  used in th e  
m u ltis lice  a p e rtu re . This is m onitored by making su re  th a t  th e  num ber of 
beam s p e r a p e rtu re  does no t exceed 2 /3  of th e  ac tu a l a r ra y  size  o f the  
p rogram , i.e.
d*beam ^ 2 /3  d*array  (2.6)
w here d*beam is the  num ber of beams in th e  m u ltis lice  a p e r tu re  and
d * array  is th e  a rra y  size, equal to  128x128=16384 in ou r version
SHRLI81E.
E ffec tive ly  th e  num ber of beams in the  m ultislice a p e r tu re  is th e  num ber 
of rec ip ro ca l la t tic e  points inside a c irc le  o f rad iu s  d*rad. The
co rre la tio n  values indicate when e lectrons a re  s c a tte re d  th rough  an 
angle ou tside th is  rad ius, and the  program  flag s  a  w arn ing  if  any beam
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2d*
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array
Figure 2.9 Diagram illustrating the concept of 
the multislice aperture and periodic continuation. 
Reciprocal space is sampled by discrete apertures.
has a  phase th a t  exceeds n /4  as these w ill be lo st to  th e  ca lcu la tion . 
However, provided th e re  a re  enough beams and th e  slice  th ick n ess  is 
su ff ic ie n tly  th in , th is  does not appreciably degrade th e  image.
T esting  w hether su ff ic ie n t accuracy  has been a tta in e d  a t  th is  im p o rtan t 
s tep  o f th e  ca lcu la tion  is  possible by producing th e  sim ulation , th en  
rep ea tin g  w ith  h a lf  th e  slice th ickness and tw ice  th e  a r r a y  size  
(adm itted ly  only p ra c tic a l w ith  a  NxM type flex ib le  a r ra y  s ize  p rogram ). 
If  th e  am plitudes and phases o f s trong  Bragg re f lec tio n s  d if f e r s  by less 
th an  5%, th e  o rig ina l calcu la tion  of m ultislice a p e rtu re  s ize  and  slice  
th ickness w as a  reasonab le  combination.
2 .4 .5  S im u la tio n  o f  I n te r f a c e s  u sin g  th e  M u ltis lice  A lg o rith m
As discussed in the  previous section the  m agnitude o f th e  num ber of 
beam s used in th e  m uitislice  a p e rtu re  (d*beam) m ust be a t  le a s t  2 /3  th e  
num ber o f rec ip ro ca l space sam pling points (d*array). This beg ins to  
impose a  lim ita tion  on the  a rra y  size available and also  th e  com puta tion  
tim e. For exam ple, a  calcu lation  of the  GaAs s tru c tu re  using  a  slice  
th ickness of about 2A req u ires  about 500 beams and tak es  abou t 1 m inute 
to  com pute th e  in itia l sc a tte r in g  coeffic ien ts . In c o n tra s t, s im u la tin g  
a  stepped  in te r fa c e  in GaAs/AlAs req u ires  a t  lea s t 2500 beam s, and m ore 
if  the  s tep  is tw o la ttic e  frin g e  planes (5.6A) in height (L aval e t  a l 
1985).
C learly, a  la rg e r  value of d*beam requ ires  a  la rg e r  value o f d * a rra y  to  
m ain ta in  adequate  sam pling of the  s tru c tu re  (fou r s c a t te r in g
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co effic ien ts  per atom ). Increased  a rra y  sizes a re  inevitab le  if  th e  
e ffe c ts  o f a liasing  a re  to  be avoided.
Increased  a r ra y  s ize  p rogram s o f flex ib le  dim ensions a re  now becom ing 
availab le  th a t  no longer req u ire  th e  la rg e r  m ainfram e type  com puter 
system s. S ta d e lm a n n  (1988) recen tly  rep o rted  an NxM flex ib le  package 
fo r  use w ith  an IBM system  which achieves good re su lts  in reasonab le  
tim escales by using p a ra lle l p rocesso rs to  ca lcu la te  th e  w avef unction as  
i t  p ropaga tes  th rough  th e  slices, th e  m ost tim e consuming step .
In d if fe re n t p ro cesso rs  th e  com putation tim e can vary  from  0.001 sec to  
m ore th an  1 m inute p e r  m ultislice  ite ra tio n  step . For s itu a tio n s  w here  a 
la rg e  a r t i f ic ia l  supercell is to  be sampled, a  com prom ise is  needed 
betw een th e  am ount o f sam pling requ ired  to  produce a  reasonab le  im age 
m atch, w h ilst not having too many beams in the  m ultislice  a p e rtu re . This 
is p a rtic u la rly  t ru e  fo r  th e  SHRLI81E version in which NxM is  re la tiv e ly  
sm all.
M ultislice p rogram s a re  in use th a t  have NxM w ith  N=M=256 (M a lla rd  e t  a l 
1987), and some th a t  use a rra y  sizes th a t  a re  not square  and a re  p e rh ap s 
m ore su ited  to  in te rfa c e  calcu lations, e.g.32x256 (B oothroyd  and S to b b s
1987).
2.5 Im age S im u la tio n  o f  III-V  S em iconduc to r I n te r f a c e s
Several w orkers have rep o rted  work w ith  image sim ulation  of 
sem iconductor in te rfa c e s  (L aval e t al 1985, W rig h t and W illiam s 1985, 
H u tch iso n  1987 and M a lla rd  e t  a! 1987). Also the  technique has been used
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to  investiga te  th e  e ffe c ts  o f th e  so lu te  concen tration  in colum ns o f 
atom s along the  e lec tron  beam d irec tion  in HREM im ages (Howe e t  a l
1988).
O ften th ese  pub lications comment on the  re liab ility  o f th e  image 
m atching technique when using a r t i f ic ia l  supercells. M a lla rd  e t  a l 
(1987) had re se rv a tio n s  about th e  use of a  6x6 un it cell dim ension 
supercell and a  256x256 a r ra y  size  in sim ulating  GalnAs/InP in te rfa c es . 
H u tch iso n  (1987) described  th e  lim ita tions of a  128x128 FFT ( fa s t  
F ou rie r tra n sfo rm ), concluding th a t  the  m ultislice a p e rtu re  size  
e ffec tive ly  drops as th e  super cell size  increases. This m eans th a t  
im portan t in fo rm ation  is excluded as th e  m ultislice a p e rtu re  decreases. 
He no tes th e  need fo r  a  su ffic ien tly  large  supercell in o rd e r to  w rap  
around th e  in te r f  ace and com pletely contain  the  sc a tte r in g  w ith in  th is  
one cell, describ ing  th is  as the  technique’s m ajor lim itation.
In some cases th e  ca lcu la tion  lim ita tions a re  not discussed. L av a l e t  a l 
(1985) have ca lcu la ted  severa l types of a r t if ic ia l  supercell in th e  
GaAs/AlAs system , one produced using X -ray  d a ta , and a sim pler one of 
sm aller dim ensions. They also  inco rporated  a step  2a\/~2 high (a= la ttic e  
p a ram ete r) in th e  cell and produced images w ith  good c la r ity  to  m atch  
th e ir  experim ental im ages o f steps. The s tep s  w ere ca lcu la ted  as  one 
re tic u la r  p lane high (half th e  u n it cell height or - 2.8A) and req u ired  
2569 beam s to  produce th e  image. However no mention w as m ade o f th e  
possible e ffe c ts  of w rap  around in the  image.
T e s te  de Sagey  e t  al (1986) unambiguously iden tified  s tep s  o f both  
single and double re tic u la r  plane height (half and whole u n it cell)
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s tep s  in th e  same system  in <110> orien ted  fo ils . The m atching  of 
experim ental and th eo re tica l im ages w as ex trem ely  good, how ever again  no 
m ention w as made of any possib le lim ita tions  in the  image m atching.
The success o f w orkers in GaAs/AlAs is in p a r t  due to  th e  increased
sen sitiv ity  of c e rta in  re f lec tio n s , nam ely th e  com position sen sitiv ity  
of alum inium  to  {002} p lanes in th is  system . This is known as  s tru c tu re  
f a c to r  c o n tra s t as i t  is dependant on th e  s tru c tu re  f a c to r  d iffe ren ces  
betw een th e  aluminium and th e  gallium  w ith  resp ec t to  th e  a rsen ic  
( P e tr o f f  1977). However, M a lla rd  e t  a I (1987) found they  had 
d iff ic u ltie s  in th e  InP/G alnA s system  as th e  c o n tra s t is in tr in s ica lly  
low er, th e  dom inant c o n tra s t m echanism  being atom ic num ber in th is  case. 
They w ere also m ore c rit ic a l of the  sim ulation  package and considered  
the  e ffe c ts  of a liasing  on th e  image. The in te rfa c e  c o n tra s t appeared
very low in the  images, both experim ental and th eo re tica l.
The GaAs/AlGaAs system  is probably  th e  m ost d iff ic u lt to  analyse because
th e  c o n tra s t mechanism  re lie s  on s tru c tu re  fa c to r  c o n tra s t w hich is 
reduced in the  com m ercially im p o rtan t 30% alum inium  contain ing  
compounds. W rig h t and W illiam s (1985) have rese rv a tio n s  abou t th e ir  
sim ulations of s tep s  in th is  system , bu t made useful com m ents abou t th e  
in te rfa c e  d iffuseness. They concluded th a t  while some in fo rm ation  about
th e  ab rup tness of an in te rfa c e  and hence layer w idth could be obtained ,
th e  s itu a tio n  would alw ays be com plicated by the e ffe c ts  of su rfa c e  
roughening due to  the  specimen p rep a ra tio n  technique.
In these  publications it  becomes c le a r  th a t  the  ab ility  to  d iscern  s tep s
from  the su rfa c e  roughening and from  the  in te rfa c e  d iffu sen ess  (or
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chem ical mixing) w ill depend on a  num ber o f fa c to rs . The choice of 
system  c lea rly  aids in producing c o n tra s t th a t  can be unambiguously 
assigned to  s tep s  from  th e  g row th  procedure, and th e  ab ility  to  m atch 
these  easily , as  in th e  GaAs/AlAs system . As th e  c o n tra s t mechanism
becomes less  e ffec tiv e  as  in  th e  InP/G alnA s and GaAs/AlGaAs compounds 
th e  ex ac t position  o f th e  in te rfa c e  in  experim en tal im ages becomes more 
d iff ic u lt  to  determ ine as  does a  re liab le  image m atch.
T here a re  some in some cases d iffe ren ces  in th e  experim ental p a ram ete rs  
used in the  com putations. For exam ple, L ava l and co -w orkers (1985) use a 
s lice th ickness of 4A and search  lA 1 o f rec ip roca l space, while
H u tch iso n  e t  al (1986a) use a  slice  th ickness o f 2 k  bu t search  2 k  1 of 
rec ip ro ca l space. One can only guess th a t  th e  types o f image m atching in 
each is a ffe c te d  by the  com puter pow er and image sim ulation  package 
involved, although a slice th ickness o f 4A would allow  th e  sim ulation  of 
th ick er c ry s ta ls . However, i t  has a lready  been shown th a t  considerable 
ca re  m ust be taken  when using th ick  slices in a  la rg e  a r t i f ic ia l  
supercell calcu lation , especially  if  qu ite  heavy atom s a re  involved. The 
reason  fo r  th is  is th a t  if  the  s c a tte r in g  angle becomes too s ig n ifican t 
then  th e  calcu la tion  can become inaccu ra te . This can be checked by 
looking a t  X -ray  d a ta  fo r  sc a tte r in g  of th e  m ajor re f lec tio n s  o r by 
checking the  loss of in tensity  in m ajor re flec tio n s .
This would suggest th a t  the  type and size  o f supercell is im portan t,
rem em bering th a t  as the  supercell dim ensions a re  increased  the  
m ultislice a p e rtu re  decreases p roportiona l to  the  FFT size of the
program  in question. If a  NxM type m ultislice  is available, i t  would be
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advantageous to  note the  e ffe c ts  of varying sizes of supercell, slice 
th ickness and sam pling regim es on th e  image. Once one is su re  th a t  
a lia s in g  has been minimised, i t  is  m ore reasonab le  to  assign  in te rfa c e  
fe a tu re s  to  specific  c o n tra s t, p a rticu la rly  i f  changes in th e  local 
chem istry  o f th e  in te rfa c ia l atom ic model a re  to  be re liab le .
2.6  Sum m ary o f  chapter
In sum m ary, ch ap te r 2 has in troduced th e  ep itax ia lly  grow n InP/GalnAs 
la t tic e  m atched compound sem iconductor system , and described  b rie fly  
some of i ts  uses. The MOCVD grow th  technique used to  produce th e  sam ples 
w as also  discussed, and as a  consequence o f improved ep itaxy  w ith  
m isorien ted  su b s tra te s , the  study of th e  g row th  s tep s  in LDS s tru c tu re s .
The theo ry  o f both image sim ulation and high reso lu tion  m icroscopy w as 
discussed in deta il, w ith  p rogress in c h a ra c te r is in g  InP/G alnA s and 
o th er I I I - V  compounds review ed from  th e  l i te ra tu re . I t  is c le a r  from  
th is  w ork th a t  the  n a tu re  of in te rfa c es  is  s ti l l  a  top ic  likely to  
g en e ra te  in te re s t  in the  fu tu re .
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3.1 In tro d u c tio n
The MOCVD InP/G alnA s m a te ria l fo r  th is  w ork w as supplied by STL 
lab o ra to rie s , and th e  GaAs based s tra in e d  layers  grow n by MBE by the  
Surrey/RSR E M alvern co llab o ra to rs . The specim ens w ere m ade e lec tron  
tra n s p a re n t fo r  TEM using e ith e r  ion beam m illing o r brom ine/m ethano l 
chem ical th inning.
3 .2  R e c o rd in g  HREM im ages
HREM im ages o f InP/G alnA s in te rfa c e s  w ere obtained in c ro ss -se c tio n  in 
<110> p ro jec tion . C onsiderable ca re  w as taken  to  reduce  v ib ra tiona l 
e ffe c ts  in th e  HREM im ages, e.g. th e  m icroscopy w as only a ttem p ted  a f te r  
considerable w arm -up  tim e, and usually  a t  night when hum an v ib ra tio n  w as 
a t  a  minimum. The specim en w as le f t  under sp read  illum ination  fo r  
severa l hours to  stop  specim en d r if t ,  and astigm atism  co rrec tio n s  w ere  
made b efo re  th e  reco rd ing  o f m icrographs.
3 .3  S pecim en  P r e p a r a t io n
3.3.1 C ro ss -se c tio n a l Sam ples
Slices of sam ple w ere  taken  from  th e  w afe r by ligh tly  sc rib ing  th e  
s u b s tra te  side w ith  a  diamond knife. L ight p ressu re  on th e  top  w ith  a  
s o f t  su rfa c e  such as  a  c re d it ca rd  then  produced a  cleanly cleaved 
sam ple o f dim ensions 10mmx4mm. A GaAs w a fe r  w as used to  provide packing 
m ate ria l using th ese  dim ensions, bu t 1.5mm thick, so th a t  only tw o w ere  
requ ired  to  achieve a  4mm square , as  shown in f ig u r e  3.1 and 3.2.
37
4mm
Packing
lm m
1mm
Packing
10mm
1.5mm
Figure 3.1 Cross-sectional sample structure
0.5mm
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Figure 3.2 Final sample dimensions for 3mm discs.
The sam ples w ere taken  and glued face  to  face  so th a t  th e  su b s tra te s  
w ere ou term ost. The top  fac e s  have excellen t su rfaces  which help to  
produce a  good glue jo in t, and th is  technique ensures p ro tec tio n  o f th is  
reg ion  and tw ice as  many in te r f  aces in th e  th inned  a re a , o r 
a lte rn a tiv e ly  tw o sam ples o f in te re s t  can be exam ined. The eventual size 
o f th e  block is 10mmx4mmx4mm, su itab le  fo r  cu ttin g  in to  a  3mm disc w ith  
an  u ltra so n ic  d rill.
Many types of glue w ere  experim ented  w ith , p a rticu la rly  tw o -p a r t  epoxy 
res in s  and in s ta n t superg lues. The one found to  give the  b e s t re s u lts  is 
"M-Bond 600", d e ta ils  o f which can be found in B ravm an  and S in c la ir  
(1984). This is a  very  low viscosity  tw o -p a r t  re s in  w ith  an 
u n fo rtu n a te ly  sh o rt life tim e of tw o weeks once mixed, bu t produces very 
th in  glue jo in ts , and appears to  have a  th inning r a te  com parable to  th e  
m ate ria ls  o f in te re s t.
The f a c t  th a t  the  glue has a  low viscosity  m eans th a t  reasonab le  
q u an titie s  o f glue can be applied and then squeezed out, th e  m ajo r 
reason  fo r  th e  good jo in ts . It is also  im pervious to  a tta c k  by any 
solvent once se t. Because i t  needs to  be therm oset under p ressu re , th e  
use of a  sm all vice is recommended, lined w ith  PTFE to  stop  i t  stick ing  
to  th e  jaw s. The se ttin g  tim e is  hours so th a t  p rec ise  position ing  of 
the  blocks is fac ili ta te d , befo re  curing  in an oven a t  120°C f o r  about 3 
hours. The vice can also  be tigh tened  even fu r th e r  when th e  glue has 
reached  th e  oven tem p era tu re  and decreased  i ts  viscosity; th is  helps to  
achieve a  very  th in  bubble f re e  jo in t.
The choice of m a te ria ls  th a t  a re  to  be glued is im portan t, as
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consideration  o f th e  d iffe re n tia l th inning  r a te s  o f m a te ria ls  is alw ays
needed. For exam ple, a  sandw ich o f a  60% InGaAs 3pm lay er w ith  an In As
layer of th e  sam e dim ensions produced sign ifican tly  d if fe re n t th inning 
ra te s , to  th e  e x te n t th a t  a f te r  th e  fo il had p e rfo ra te d , th e  60% indium 
lay e r req u ired  fu r th e r  th inning  to  ob tain  e lec tro n  tran sp aren cy , while 
th e  InAs lay er w as a lready  th in  enough to  image. Also, th e  packing 
m a te ria l should m atch th e  m ajo r component o f th e  specim en m ate ria ls .
The 10mmxl0mmx4mm block is then  cu t in to  slices about 0.75mm th ick  by a
diamond saw , ready  fo r  m echanical polishing. These slices a re  m ounted on 
g lass slides w ith  beesw ax and then  e ith e r  polished by hand to  a  1pm 
diamond p a s te  fin ish , o r a lte rn a tiv e ly  they  can be m ounted on a  bakelite  
holder betw een g lass  slides in th e  a rrangem en t depicted  in f ig u r e  3.3. 
This technique req u ires  th a t  tw o 150pm g lass  slides a re  placed e ith e r  
side of th e  slice, doubled up to  a  th ickness of about 300pm , and th en  
th re e  o r s ix  such sam ples can be m ounted on a  Planopol au tom atic  
polisher. A la rg e r  num ber of sam ples su its  th is  system  w ell as  i t  
balances th e  polishing holder to  have th re e  o r six . Polishing involves 
1200 SiC paper follow ed by 1pm diam ond p a s te  fin ish . The blocks a re  
tu rned  over and m ounted w ith  only one m icroslide (150pm) th is  tim e, to
produce a  f in a l polished specim en of th is  th ickness, although on th is
side i t  is no t necessary  to  fin ish  to  1pm as  th is  side can be dimpled.
The nex t s ta g e  is u ltrason ic  d rilling  to  produce a  3mm disc. For th is  
the  th in  slice  is m ounted w ith  w ax on a  g lass  slide, and then  d rilled  
w ith  carborundum  powder and w a te r as solvent. It w as noted  th a t  th e  b est
drilling  condition occurs when the  frequency  of v ib ra tion  is chosen th a t
causes th e  p a rtic le s  to  osc illa te  in a  c irc u la r  m otion in a  medium
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Micro slides Sample Glass slide
Bakelite
Figure 3.3 Bakelite mount used to hold samples for polishing.
containing m ainly w a te r. The sam ple is then  dimpled to  a  th ickness in 
th e  c e n tre  o f 20pm, w ith  a  1pm su rfa c e  f in ish  ready  fo r  ion-beam  
m illing.
Ion-m illing w as achieved w ith  a  G atan  dual s ta g e  th in n e r using the  
follow ing conditions:
C o o l e d  S ta g e : L i q u i d  N i t r o g e n
I n c i d e n t  r a d i a t i o n : Ar  + i ons
I n c i d e nee  a n g  1 e : S t a r t  2 5 ° ,  f i n i s h  12-15°
E n e r g y : 6 kV
T i m e  ( a p p r o x ) : 4 - 6  h r s
R o t a t  i on: y e s
S p e c i m e n  c u r r e n t : lOOpA
Gun c u r r e n t : 0 . 5  -  1 . 0  mA
The top  holder of the  specimen tu r r e t  w as om itted  to  s top  tan ta lu m  f rom 
th e  holder contam inating  the  specim en while thinning. The use o f a  
cooled s tage  considerably reduces specim en dam age and a r te f  ac ts , 
p a rticu la rly  th e  appearance of indium islands th a t  can fo rm  in indium 
containing compounds. E lectron tra n s p a re n t sam ples w ere obtained  w ith  
reasonab le  success using the  above technique.
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3 .3 .2  P la n  v iew  TEM sam ples
Plan view sections fo r  TEM w ere produced by cleaving sections from  the
N
w a fe r  in a  s im ila r fash ion  to  th a t  described  in th e  previous section.
2Sections o f about (4mm) w ere cleaved so th a t  3mm discs could be 
produced. The advantages of 3mm discs lie  in th e ir  inheren t s tre n g th  and 
th e  absence o f glue in the  m icroscope th a t  can cause contam ination 
problem s. The su b s tra te  side w as th inned aw ay m echanically  so th a t  the  
sam ple w as th e  r ig h t th ickness fo r  th e  TEM holder. M icro-slides w ere 
used to  ensure  a  f in a l th ickness of 300jim a f te r  polishing. The disc w as 
produced by u ltra son ic  d rill. This w as follow ed by m asking an a re a  of 
th e  s u b s tra te  side w ith  lacom ite varnish , using a  f in e  p a in t brush  to  
leave a  sm all accu ra te  c e n tra l a re a  about 1.5mm in d iam eter and allowing 
th is  sev era l hours to  dry.
A 19:1 m ethanol to  brom ine mix w as then  dropped onto th e  ro ta tin g  sam ple 
v ia  a  p ip e tte , rem oving any m echanical polishing dam age and producing 
th in  a re a  fo r  TEM exam ination in about 15 m inutes. A f a s t  je t  of 
chem ical e tch  w as used in itia lly  to  produce a  dished shape of 
approxim ately  uniform  shape, then  p e rfo ra tio n  w as achieved by slow 
dropping o f th e  acid. Final cleaning of th e  sam ple w as by acetone to  
rem ove tra c e s  of lacom ite and trich lo re th y len e  to  rem ove any w ax 
residue. Samples usually  contained many m icrons o f th in  a re a  using th is  
technique.
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3 .4  D e ta ils  o f  th e  m u ltis l ic e  tec h n iq u e
3.4.1 S im u lation  o f  d e fec ts
In o rd e r  to  investiga te  th e  c o n tra s t from  a d e fec t, th e  la t t e r  has to  be 
p laced  in a  la rg e  un it cell o r ’a r t if ic ia l  super ce ll’. The d iscon tinu ity  
in th is  case  is  th e  in te rfa c e  betw een the  InP and Gain As layers , and 
th e re fo re  has th e  problem  th a t  i t  is a  very la rg e  d e fec t which has to  be 
iso la ted  in th e  middle of the  unit cell. I t  is fro m  th is  problem  th a t  
th e  im age sim ulation calcu lation  su ffe rs  m ost, in th a t  th e  in te rfa c e  
in te r fe re s  w ith  the  edges of the  supercell if  i t  is no t su ffic ien tly  
iso la ted  in th e  x -d irec tio n  (down page), and w ill ten d  to  cause a 
w rapp ing  around e ffe c t in the  calculation. This is th e  consequence of 
th e  f a c t  th a t  the  edges of the  supercell a re  ac tu a lly  in te rfa c e s , i.e. 
InP a t  th e  bottom  of the  image and Gain As a t  th e  top  in  th is  case. In 
th e  y d irec tio n  th e  atom  species a re  not d iffe re n t when rep ea ted , unless 
th e re  is an im perfection  along the  in te rfa c e  such as  a  s tep . This has 
been d iscussed  previously in chap ter 2.
The SHRLI81E version of the  m ulti-s lice  technique s u ffe rs  fro m  one m ain 
d isadvan tage, in th a t  even if  i t  can adequately  sam ple th e  s tru c tu re  of 
th e  d iscon tinu ity , the  sm all size of the  cell m eans th a t  th e  in te rfa c e  
which is necessarily  repea ted  may no t be iso la ted  enough to  stop  
s c a tte r in g  being repea ted  in to  it. The reasons behind th e  lim ited  size  
o f supercell a re  assessed  in the  discussion a t  th e  end o f th is  ch ap te r.
Two s izes  of a r t if ic ia l  supercell have been used, one con tain ing  4x4 
su b -u n it ce lls  and another of 6x6. The 6x6 th e re fo re  con ta ins eighteen
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su b -ce lls  o f InP and eighteen of GaAs. A program  called  IC128 w as 
w r itte n  to  produce th e  desired  atom  positions and in te r fa c e  s tru c tu re  to  
be re a d  by th e  f i r s t  program  FC0128. IC128 produced a  ’re a d  f i le ’ o f the  
re lev an t d a ta  such as th e  a r t if ic ia l  supercell dim ensions, p ro jec tio n
d irec tion , accuracy  of calcu lation , as  well a s  th e  a tom  positions,
occupancies and atom ic num bers fo r  an in te rfa c e  in any I I I - V  compound 
sem iconductor system .
The p ro jec tio n  o r e lec tron  beam d irec tion  w as chosen to  be [110]. The 
atom  positions w ere calcu lated  by consideration  o f th e  zincblende 
s tru c tu re , and once th e  coordinates had been estab lished  they  w ere 
norm alised  by dividing them  by n, w here n w as th e  size  o f th e  supercell
o r num ber o f sub un its  of cell in th e  s tru c tu re . In th is  w ay an
2
a r t i f ic ia l  supercell o f dimensions n w as produced. The u n it cell
dim ension is  n tim es the  sum of the  num ber o f InP and GaAs u n it cells 
p resen t. This ensured  th a t  when the  program  w as configured  to  display  
one un it cell (contro l f ile s  to  PG128 and IM128 on u n it 5) i t  would 
ap p ear a s  n un it cells o f (in th is  case) InP and GaAs w ith  an in te r fa c e  
halfw ay  down th e  image.
Adequate sam pling of th e  s tru c tu re  is obtained by producing tw o
p ro jec ted  p o ten tia l f ile s , one fo r  the  group I I I  a tom s and one fo r  th e
group V species. These a re  then  stacked  in th e  req u ired  sequence to
produce th e  un it cells and fin a l th ickness o f c ry s ta l. For
InP /G a In As th e  slices a re  0.14nm th ick , th e  004 spacing  in 
0 .4 7  0 .53  ^
zincblende. The arrangem en t is shown in f ig u r e  3.4.
The d isplay p rogram  produces the  s tru c tu re  as th e  coo rd ina tes have been
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layer a contains the group III sites
layer b contains the group V sites translated by 1/4,0,0  
(not shown in this diagram)
Figure 3.4 Diagram showing the order of the projected potential slices.
en te red  and th e  im age is intended fo r  display. The coo rd ina tes o f th e  
atom s a re  produced fo r  th e  f i r s t  I I I  s ite  g ra tin g  (Ga and In) by find ing  
th e  FCC s ite  coord inates, 000 and 1/2, 1/2, 0, and by o f f - s e t t in g  them  
by 1/4, 0, 0 fo r  th e  V positions (P and As). This is th e  r e s u l t  o f th e  
f a c t  th a t  th e  zincblende s tru c tu re  is e ffec tively  tw o in te rp e n e tra tin g  
FCC la ttic e s  d isp laced  by 1/4, 1/4, 1/4, except th a t  we a re  only
considering  a  th in  s lice  fo r  the  z coord inate  and th e re fo re  i ts  sym m etry  
coord inate  is  chosen to  be zero .
The p ro jec tio n  d irec tio n  in the  control program s fo r  PG128 and IM128 is 
specified  as  [001] so th a t  th e  program  displays a  p ro jec ted  p o ten tia l 
m ap o r slice  as  th e  co -o rd in a tes  have been en tered , in th is  case  [110]. 
Small un it cell ca lcu la tions th a t  do not req u ire  a r t i f ic ia l  superce lls  
do not req u ire  th is  suppression  of the  beam d irec tion  coo rd ina tes as  th e  
p rogram  ca lcu la tes  th e  atom  coord inates itse lf , and d isp lays th e  im age 
as specified  in IC128. The atom  positions fo r  a  [100] s im ulation  a re  
achieved in a  s im ila r fash ion  using a  m odified version o f IC128. C rysta l 
sym m etry o p e ra to rs  p resen t in the  program  FC0128 m ust also  be 
suppressed , and rep laced  w ith  an iden tity  m atrix , so th a t  a ll th e  atom  
positions specified  can  be en tered . Normally the  program  would req u ire  
only th e  coo rd ina tes 1/2, 1/2, 0; 1/2, 0, 1/2 and 0, 1/2, 1/2, f o r  th e  
I I I  s ite s , and 1/4, 1/4, 1/4 fo r  th e  group V s ites .
Stacking is  achieved by the  MS contro l file , which allow s 150 se p a ra te  
p ro jec ted  p o ten tia l f ile s  to  be c rea ted  if  needed. This is th e  m ost tim e 
consuming s tep , as th e  program  m ust ca lcu la te  the  s c a tte r in g  p o ten tia l 
of th e  w avefunction as i t  p ropagates through these  d isc re te  s lices  of 
m a te ria l. A lte rn a te  stacking  of the  slices of the  I I I  s i te  and V s ite
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phase g ra tin g s  w as achieved by the  logic un it read  s ta te m e n t in th e  MS 
con tro l f ile .
The in te rfa c e  is  produced by th e  in te rfa c e  con tro l f ile  IC128, bu t model 
s tru c tu re s  such as  th e  inclusion of h a lf  o r whole un it cell he igh t s tep s  
req u ired  th a t  th e  ap p ro p ria te  atom  coord inates had to  be a lte re d  by 
hand. One row  of I I I  s ite s  in th e  in te rfa c e  region w ere sw apped halfw ay  
along by th e  new I I I  atom  type, i.e. indium atom s w ere rep laced  by 
gallium  atom s (of th e  c o rre c t occupancy) in one row  fo r  a  m onolayer 
s tep , and in tw o row s fo r  a  whole un it cell step . This p rocess is 
rep e a te d  in th e  n ex t slice  fo r  th e  group V s ites .
/
I t is  also  possible to  o f f - s e t  th e  position of th is  in te r fa c ia l  s te p  in 
successive slices to  produce a  s tep  along the  beam d irec tion , known a s  a  
kink, and to  ca lcu la te  i ts  e ffe c t  on the  fin a l image c o n tra s t, a lthough 
th is  w as no t a ttem p ted  as  i t  is  considered th a t  the  com putation tim e fo r  
slice stack ing  increases  g rea tly  if  the  phase g ra tin g s  d if fe r  betw een 
each slice. A s tep  perpend icu lar to  the  beam should however no t in c rease  
th e  ca lcu la tion  tim e g rea tly ; the  sim ulations p resen ted  in th e  n ex t 
ch ap te r a re  confined to  modelling th is  situa tion .
P ro jec ted  p o ten tia ls  o f the  s tru c tu re s  and fin a l images th a t  con ta in  th e  
specim en th ickness and imaging conditions a re  th en  recorded . In itia l 
ca lcu la tions could be displayed by VDU, bu t a t  a  reduced  ran g e  of 
dynamic c o n tra s t (8 g rey  levels). Final images w ere reco rded  via line 
p r in te r  and overp rin ted  c h a ra c te rs , w ith  a  grey scale  of 32 levels. 
These d isplays w ere then  e ith e r photocopied and reduced, o r pho tographed  
sligh tly  out of focus to  produce ’re a lis t ic ’ e lec tron  m icrograph
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sim ulations.
The d e ta ils  o f th e  ca lcu la tions a re  given in T ab le  I. The accuracy  of
th e  ca lcu la tion  has been sa c rif ice d  to  some degree because o f the
lim ita tions in th e  ca lcu la tion  speed of th e  Surrey m ainfram e system  used 
to  ca lcu la te  th e  stack ing  o f th e  p h ase-g ra tin g s , th e  m ost tim e consuming 
step . The b e s t com prom ise fo r  th e  accuracy  of ca lcu la tion  occurs fo r  a  
rec ip ro ca l space search  (d s ta r)  o f 0.15nm 1, which is th e  value which
s e ts  th e  lim it on th e  sea rch  o f rec ip ro ca l space fo r  re f lec tio n s  lying 
in th e  ap p ro p ria te  zone. This is  about 6000 F ourier co effic ien ts , which 
is equivalent to  p ro jec ted  values o f h and k (rec ip rocal la t tic e
vectors) up to  about 32 by 32, bu t can be as large  as  63 by 63.
The p rogram  is  being used to  about one h a lf  i ts  capab ility  f  o r
ca lcu la ting  th e  s tru c tu re  fa c to rs  (FC0128). However, th e  problem  lies in 
the  f a c t  th a t  during th e  stack ing  o f slices (MS128), each slice tak es
about 2m ins fo r  a  rec ip ro ca l space search  of 0.15nm \  which is about 
5hrs to ta l  ca lcu la tion  tim e. A m ore accu ra te  sim ulation using rec ip ro ca l 
space sea rch  of 0.2nm  X, and nbeam, the  num ber of beam s in th e
m u lti-s lice  a p e rtu re  (see ch ap te r 2), se t to  i ts  optimum value o f about 
1/4 of th e  num ber o f sc a tte r in g  fa c to rs  (about 2500) leads to  a  ru n  tim e 
of about 40hrs, which causes a  fo rced  term ina tion  of the  calcu lation .
According to  O’K eefe  (1980), the  value o f d s ta r  should be chosen so th a t  
enough s tru c tu re  f a c to rs  a re  genera ted  to  define th e  s tru c tu re  
su ffic ien tly  w ell fo r  an a c cu ra te  m u lti-s lice . This he s ta te s  to  be 
0.2nm  X. Several w orkers (Laval e t  al  1985, H u tch ison  e t  al  1986a) have 
used th e  technique w ith com parable p a ram ete rs , such as w as described  in
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ch a p te r  2, and indeed i t  seem s th a t  0.2nm  1 d s ta r  would appear th e  m ost 
ap p ro p ria te .
In f ig u r e  3.5, a  th in  c ry s ta l (3.5nm) of InP/GalnAs based on a  6x6 
a r t i f ic ia l  supercell has been com puted a t  Scherzer defocus w ith  tw o 
d if fe re n t values of d s ta r  to  investiga te  th e  m agnitude of th e  e ffe c t  of 
sam pling on th e  f in a l image. In th e  InP p a r t  o f the  c ry s ta l a t  th e  top, 
th e  indium and phosphorous atom s a re  p a rtia lly  resolved in to  th e  
so -ca lled  ’dum bbell’ type image. Dumbbell is th e  name given to  im ages 
th a t  ap p ear to  have resolved both  su b la ttices  bu t a re  a r t i fa c tu a l  if  the  
(004) spacing (0.14nm) which is req u ired  to  achieve th is  is beyond th e  
reso lu tion  lim it of th e  m icroscope, such as  is th e  case here.
In th e  image on the  r ig h t, which contains th e  g re a te r  sam pling r a te  of 
0.2nm  \  th e  e ffe c t  of re f lec tio n s  fu r th e r  out in rec ip ro ca l space 
causes an im provem ent in the  defin ition  of the  s tru c tu re  in th e  image. 
I t is also  im portan t to  note th a t ,  c e rta in ly  in these  tw o ca lcu la tions 
a t  lea s t, th e  image p a tte rn  i ts e lf  does not change g rea tly  i f  the  
sam pling is reduced, only th e  e x te n t o f in fo rm ation  in the  region o f th e  
in te rfa c e  reduced.
The slice  th ickness has been chosen so th a t  one slice corresponds to  th e  
I I I  s ite s  and one to  the  V s ite s . They a re  then  then  stacked  in 
a lte rn a te  sequence by the  MS con tro l f ile  to  produce the  s tru c tu re . If 
heavy atom s lie  along the  p ro jec tio n  d irection , and th is  is a  low index 
d irec tion , th e ir  overlapping p o ten tia ls  lead to  a  high value o f V(x,y), 
the  voltage as a  function  of th e  re a l space re flec tio n . This value can 
be typ ica lly  200V (O’K eefe  1980), bu t is about 20V in th ese
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24.0nm ►
dstar = 0.15nm dstar = 0.2nm
nbeam  = 1495 nbeam  = 2359
6x6 artificial supercell (33.9nm x 24.0nm) 
slice thickness = 0.14nm 
crystal thickness = 3.5nm (25 slices) 
S tructure  = InP/GalnAs 
defocus = -92.5nm
Figure 3.5 The effect of sampling reciprocal space on the final image 
for a 6x6 artificial supercell calculation.
calcu lations, suggesting  th a t  th e  slice th ickness is well w ith in  th e
range  fo r  an accu ra te  sam pling o f th e  s tru c tu re . One draw back is th a t  
th e  maximum c ry s ta l th ickness th a t  can be obtained w ith  150 slices is 
about 21nm. The slice  th ickness has been se t to  th e  (004) spacing of the  
GaAs la ttic e  p a ra m e te r  (0.14nm). I t  cannot be made th ick er using the
ex is tin g  atom  position  program  IC128 as i t  ca lcu la tes th e  I I I  and V 
s ite s  fo r  th e  p h ase -g ra tin g s  separa te ly .
As a  com parison o f the  accuracy  o f th e  a r t i f ic ia l  supercell s ize  in use, 
th e  w ork o f P e tfo rd -L o n g  e t  al  (1989) in th e  sam e system  is used fo r  
com parison. T heir m u lti-s lice  p rogram  a rra y  size  is based on a  512x32 
a rra y , and th e ir  calcu lation  size gives a  sam pling o f the  s tru c tu re  of 
80 po in ts p e r nm. In com parison, using th e  128x128 square  a rra y , using a 
4x4 supercell we have 49 sam pling po in ts pe r nm ac ro ss  the  in te rfa c e  and 
77 po in ts p e r nm p ara lle l to  i t  (see T ab le  I). In the  case of th e  6x6 
cell, we have 37 and 53 po in ts p e r nm in th e  respec tive  d irec tions. 
O’K eefe  (1980) s ta te s  in his SHRLI no tes th a t  a t  le a s t 40 po in ts p e r nm 
a re  requ ired .
T herefo re , by recen t image ca lcu la tion  s tan d a rd s, the  ca lcu la tion
p a ra m ete rs  used here  should be adequate . The m ain lim ita tion  is
th e re f  ore  th e  program  a rra y  size  and th e  speed of th e  m u lti-s lice  
ite ra tio n  calcu lation . L arger a rra y  sizes have been achieved using th is  
package, i.e . 256x256, but th e  size  o f ca lcu la tion  quickly g e ts  out of 
hand. However, the  ex isting  version can s ti l l  provide usefu l in fo rm ation  
providing these  lim ita tions a re  kept in mind; fo r  exam ple, the  re su lt  of 
a  sm aller search  of rec ip rocal space had shown ( f ig u re  3.5) th a t  th e  
essen tia l in fo rm ation  of the  s tru c tu re  does not change, and any fine
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scale  changes a re  likely to  be outweighed by noise in re a l HREM 
experim ents. The m ost likely source o f e r ro r  when sim ulating  HREM images 
is  th e re fo re  expected to  be the  sm all supercell size.
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T ab le  I
Param eters used in  th e  m u lt i-s lic e  ca lcu la tio n s
A rray s iz e  (NxM):
Stru ctu re:
O ccupancies:
S lice  th ickn ess:
A ccelera tin g  voltage:
U nit ce ll:
Sam pling:
U n it ce ll:
Sam pling:
R eciprocal space  
search  (dstar):
Number o f  r e fle c t io n s  
ca lcu lated :
Number o f  beam s used in  
m u ltis lice  ca lcu lation:
M u lti-s lic e  ca lcu la tion  tim e:
S p h erica l ab erration  c o e ff ic ien t:  
Cs
Point to  p o in t resolu tion :
128x128 (version SHRLI81E) 
InP/GalnAs
(InGaAs) In 0 .53 Ga 0 .47 
d(004) = 0.14nm
GaAs
200kV
4x4 a=2.62nm  b=1.66nm
N=128/2.62 = 49 sam pling po in ts/nm  
M=128/1.66 = 77 sam pling po in ts/nm
6x6 a=3.39nm  b=2.40nm
N=128/3.39 = 37 sam pling po in ts/nm  
M=128/2.40 = 53 sam pling po in ts/nm
0.15nm 1
Approx 6000
Approx 1500
Approx 5hrs 
0.7mm
2.11A
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4.1 In tro d u c tio n
The te rn a ry  III-V compound GalnAs nom inally la t tic e  m atches to  InP 
su b s tra te  m a te ria l when Ga occupies 0 .47 and In 0.53 o f th e  III s ite , as 
w as d iscussed  in  ch ap te r 2. U seful device p ro p ertie s  a re  availab le  from  
th e  band p ro p e rtie s  of th is  b in a ry /te rn a ry  compound com bination, coupled 
im portan tly  w ith  th e  sm all m is f it of these  tw o compounds a t  th e  
com position s ta te d , which does not in troduce any s tru c tu ra l  d e fec ts . As 
th e  he te ro ju n c tio n  looks like a  single c ry s ta l in atom ic a rran g em en t, 
th e  only de tec tab le  d iscon tinu ity  is  th a t  caused by a  d iffe ren ce  in th e  
chem ical com position.
A ttem pts using high sp a tia l reso lu tion  HREM techniques to  exam ine 
d iscon tinu ities  in th e  in te rfa c ia l region of these  compounds have m et 
w ith  varied  success (to  which the  re a d e r  is re fe r re d  to  ch a p te r  2 fo r  a  
fu lle r  discussion), p a rtic u la r ly  when using u ltra -h ig h  reso lu tion  TEM to  
ob tain  ’s tru c tu re  im ages’ o f these  m ate ria ls . The problem  ap p ears  to  be 
the  loss o f c o n tra s t betw een th e  tw o m ate ria ls  e ith e r  side o f th e  
in te r f  ace, which m akes the  assessm ent of the  layer q ua lity  m ore 
d iff ic u lt. This w ork uses HREM to  investigate  regim es in which th is  
s itu a tio n  may be improved, although the  inform ation  may no t be so easily  
to  in te rp re t  in te rm s  of the  exact positions of th e  various a tom ic 
species. ’W hite sp o t’ c o n tra s t f rom p a irs  of atom s consisting  o f th e  
group III and V atom s is observed and th is  ch ap te r describes th e  
p ro g ress  obtained  when using th is  approach.
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4 .2  HREM o f  i n te r f a c e s  in  In P /G a  In  As
0 .47  0 .53
4.2.1 In tro d u c tio n
HREM im ages im ages o f an InP/G alnA s m u lti- lay e r sam ple w ere obtained 
w ith  a  JEOL2000EX m icroscope opera ting  a t  200kV. The poin t to  point 
reso lu tion  w as 2.lA. The e lec tro n  beam w as p a ra lle l to  th e  [110] 
d irec tion , and {111} and {002} re flec tio n s  should be tra n sm itte d  
re liab ly  along th e  m icroscope column a t  optimum (Scherzer) defocus. 
Scherzer defocus fo r  th is  m icroscope, based on a  C (spherical
s
a b e rra tio n  coeffic ien t) o f 0.7mm and 200kV acce le ra tin g  voltage w as 
-500A.
The defocus is estim ated  by positioning the  beam a t  the  edge of the  
c ry s ta l and obtain ing  a  minimum defocus condition. This is assum ed to  be 
AF=0, w here AF is the  defocus. Moving into the  c ry s ta l and ro ta tin g  th e  
objective lens s tre n g th  an ti-clockw ise  gives th e  requ ired  underfocus. 
The sm allest g rad a tio n  in th is  th is  con tro l is approxim ately  equal to
26A.
4.1.2 N o n -s ta n d a rd  HREM im ag ing
F ig u re  4.1 is  an e lec tron  m icrograph  of layers of GalnAs la t tic e  m atched 
to  InP. The layers  a re  n ea r the  edge of the  sam ple and a re  th e re fo re  in 
the  th in n est reg ion  of the  c ry s ta l. The defocus is e s tim a ted  to  be 
around -500A, n ear the  Scherzer defocus. The th in n est reg ion  o f th e  
c ry s ta l is the  am orphous a re a  a t  the  edge, and the  th ickness increases 
f rom the  top  le f t  hand co rner to  the  bottom  rig h t hand in th is  and a ll
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Figure 4.1 HREM image obtained along [l 10] for a defocus of 
Regions A and B contain dumbbell images th a t  are 
artefactual.
subsequent m icrogrphs described. I t is d iff ic u lt to  locate the  layers  in 
th is  image, although th is  can be improved by sighting  along th e  p ic tu re  
a t  a  shallow  angle.
The image c o n tra s t in th is  m icrograph  is  very low. This is co rro b o ra ted  
by th e  image sim ulation in se r t  in th e  m icrogragh, which is  ob tained  fo r  
a  defocus of -470A and a t  a  c ry s ta l th ickness of 35A. Slight changes in 
th e  un ifo rm ity  o f shape of th e  w hite  do ts in th e  image a t  reg ions m arked 
A and B may be a  clue to  th e  location of the  d iffe re n t compounds, 
although th is  m ust be image m atched to  determ ine th e ir  iden tity . The 
elongated dots, o r dumbbell im ages, a re  a r te fa c tu a l because th e  {004} 
plane spacing (1.4A) is beyond th e  reso lu tion  of the  m icroscope even a t  
the  Scherzer defocus. The patchy  m odulation of the  background in ten sity  
in th e  image is thought due to  the  Ar+ ion thinning, which s p u tte rs  
indium p re fe ren tia lly , o r else a  layer of contam ination.
F ig u re  4 .2  shows a  s im ila r a re a  o f the  sample, bu t moved in to  a  s lig h tly  
th ick er region o f the  sample. The c la r ity  of the  la ttic e  fr in g e s  is lo s t 
in the  th ick es t region of th e  c ry s ta l, in the  r ig h t bottom  co rn e r o f the  
image. The sam ple is too th ick  to  ’HREM im age’ in th is  region. The 
defocus o f th is  image is -llOOA, 600A aw ay from  the  optim um  defocus. The
InP {111} planes now dom inate th e  image, and th e  in ten s ity  fro m
re flec tio n s  in GalnAs is damped out. The in te r f  aces a re  e a s ie r  to  
delineate , however a  re liab le  im age m atch fo r  th is  m icrograph  w as not
obtained.The tra n s itio n  w idths of th e  in te rfa c es  a re  about one to  tw o 
m onolayers in th is  image (=6A). This assessm ent is not made easy because 
the  change in image in tensity  a t  the  in te rface  is som etim es overlayed 
w ith  the  v aria tions in image in ten sity  due to  a r te fa c ts ,  described
above.
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Figure 4.2 HREM image obtained along [110] for a defocus of -1220. 
The layers are easier to delineate.
F ig u re s  4 .3  and 4 .4  a re  HREM m icrographs of th e  sam e sam ple obtained a t  
a  low er m agnification  and consequently con tain  a  la rg e r  f ie ld  o f view. 
F ig u re  4 .3  is obtained w ith  a  defocus of about -470A (close to  
Scherzer). There is some c o n tra s t betw een th e  layers , bu t th e  p a tte rn  of 
th e  la t tic e  frin g es  changes l i t t le  in th e  th in n er a re a  in th e  top  le f t  
o f th e  p ictu re . However, i t  is  noted also  th a t  in th e  bottom  r ig h t of the  
image th e  c o n tra s t betw een th e  layers  is improved as  th e  con tribu tion  of 
th e  GalnAs {111} and {002} planes is  reduced.
F ig u re  4 .4  shows the  same a re a  fo r  an extended defocus o f -1220A. In the  
th in n e r region of the  top le f t  th e  GalnAs con tribu tion  is  reduced in 
addition  to  the  reduction  in GalnAs c o n tra s t in th ick er a re a s . The 
in te rfa c e s  a re  now easie r to  locate, and we can a ssess  th e  layer quality  
even in the  th innest a rea . This suggests  th a t  in th ick er a re a s  o f the  
c ry s ta l, th e  e ffe c t of th e  n o n -stan d a rd  defocus is negated. The
th ickness th e re fo re  appears to  be m ore s ig n ifican t th an  th e  defocus. 
However, in th in  regions of the  c ry s ta l, w here la ttic e  im ages a re  
ea s ie s t to  ob tain  and the  in form ation  is  m ore quan tifiab le  (see th e  WPO 
approxim ation  in chap te r 2), the  defocus plays an im portan t ro le  in
im proving the  in te rfa c e  delineation in th is  system .
The e ffe c t  of th e  defocus on the  phases and am plitudes of th e  im portan t 
re flec tio n s  is analysed in the  c o n tra s t t r a n s fe r  function  (CTF) p lo ts  in
F ig u re  4.5. Sin(^), the  phase angle applied to  th e  s c a tte re d  beam s by 
th e  objective ap e rtu re , is p lo tted  ag a in s t u, th e  sp a tia l frequency  in 
rec ip roca l space. These a re  p lo tted  fo r  the  JE0L2000EX using i ts
in strum en ta l p a ram ete rs  a t  a  defocus of -470A and -1220A. The -470A  
(near optimum defocus) CTF exh ib its  th e  custom ary  wide pass band th a t  
allow s the  {111} and {002} sp a tia l frequenc ies of both InP and GaAs to
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Figure 4.3 Larger field of view of the sample obtained near the
Scherzer defocus. Moire f r inges  t h a t  re su l t  f rom  indium islands
Figure 4.4 Larger field of view of the same sample obtained at an 
extended defocus of -1220A.
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Figure 4.5 Contrast transfer function calculations for Scherzer defocus 
and an extended defocus.
be tra n sm itte d  along th e  m icroscope column w ith  a  constan t phase fa c to r  
applied by the  objective lens. This explains why th e re  is l i t t le  change 
in th e  phase c o n tra s t images obtained a t  th is  defocus in a  th in  c ry s ta l.
In th e  CTF fo r  th e  defocus of -1220A, th e re  is  a  s tro n g  m odulation close 
to  th e  phase applied to  th e  im portan t s c a tte re d  beam s in both  InP and 
GaAs. W hilst i t  is  d iff ic u lt to  accu ra te ly  p red ic t th e  re s u lt  o f th is
m odulation, p a rticu la rly  as th e  defocus is no t accu ra te ly  known (optical 
d iffra c to g ra m s a re  needed here), th is  is m ost likely th e  cause of th e
loss o f c o n tra s t in th in  a re a s  o f the  c ry s ta l f o r  th is  extended defocus. 
This is  especially  t ru e  of th ick er a re a s  of th e  c ry s ta l, w here the
m agnitude of im portan t re flec tio n s  approaches th a t  of th e  c e n tra l beam. 
Any s tro n g  phase m odulations will have a  subsequently  la rg e r  e f fe c t  on
th e  c o n tra s t in the  image. From these  CTF curves i t  appears as i f  the
GaAs and InP <002} re flec tio n s  w ill be a ffe c te d  by th e  phase
oscilla tion , r a th e r  than  the dom inant <111} re flec tio n s .
In tensity  d a ta  fo r  a  (111) re f lec tio n  in GaAs and InP as  a  function  of
th ickness is p resen ted  in F ig u re s  4 .6  and 4.7 respectively . I t  is found 
th a t  th e  in tensity  of the  m ain peak in InP is about tw ice  th a t  o f GaAs. 
In a  reg ion  of c ry s ta l th a t  contains no minimum in th e  in ten sity  fo r
e ith e r  InP o r GaAs, the  InP w ill con tain  the  b r ig h te r  a r ra y  o f do ts, 
which is w hat is observed. A minimum in the  GaAs occurs a t  around 130A,
and th e  InP has a  f in ite  in tensity  a t  th is  th ickness, which suggests
th a t  a  reduction  in the  GalnAs <111} con tribu tion  would explain  the
observed c o n tra s t in the  HREM im ages presen ted .
Image ca lcu la tions fo r  a  v arie ty  o f th ickness and defoci a re  shown in 
f ig u r e s  4.8  and 4.9. The image ca lcu la tions a re  based on a  6x6 supercell
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as  described  in chap ter 3. F ig u re  4 .8  con ta ins sim ulations of the
in te r fa c e  o f InP/GalnAs fo r  an  ab ru p t in te rfa c e , and f ig u r e  4.9 is a  
s im ulation  o f th e  same in te rfa c e  w ith  th e  inco rpo ra tion  o f a  m onolayer 
he igh t s tep . The best image m atch to  th e  in te rfa c e  in f ig u r e  4.1
ob tained  a t  th e  Scherzer defocus occurs betw een 35A and 70A. (These 
im age so lu tions may no t be absolute as sm all un it cell m a te ria ls  such as 
th ese  a re  noted fo r  producing several so lu tions to  th e  im age c o n tra s t
th a t  a re  c o rre c t) . The images appear to  be sensitive  to  th e  defocus in 
th e  sim ulations of the  th inner c ry s ta ls , which h as  been observed in th e  
experim en ta l HREM images in f ig u re s  4.1 to  4 .4 . At a  th ickness o f around 
100A to  140A, th e  sim ulations suggest th a t  th e  im ages would be
independent of defocus, as they  a re  dom inated by th e  in ten s ity  reduction  
in GaAs a t  th is  thickness. These im ages show th a t  th e  InP contains 
s tro n g  w hite  do t c o n tra s t while the  GalnAs is very  weak and effec tive ly  
ap p ears  to  contain  no la ttic e  fringes. This is in good accord  w ith  th e  
HREM im ages.
The sm all size  of the  supercell used causes some w rap -a ro u n d  in these  
im ages. For exam ple, in the  sim ulations of a  stepped  in te r fa c e  in f ig u r e  
4.9  th e  sim ulation  of a  c ry s ta l 105A th ick  a t  a  defocus o f -1220A th e re  
ap p ears  to  be spurious c o n tra s t in the  in te r f  ace region, a s  i t  is  no t 
observed anyw here in the  rea l images. Also inspection of th e  bottom  row  
of atom s in th e  sim ulations som etim es revea ls  a rra y s  o f spo ts  th a t  a re  
b r ig h te r  th an  th e  local background la ttic e  image in tensity . This is due 
to  th e  sm all size  of the  supercell, because these  spo ts  a r is e  from  the  
f a c t  th a t  th is  column is no longer based on a  GaAs su b la ttice , b u t on 
InP. The sc a tte r in g  poten tia l of indium is g re a te r  th an  th e  o th e r 
species in th is  case.
57
I t  is a lso  noted th a t  the  image ca lcu la tions p red ic t a  c o n tra s t 
rev e rsa l, w here  th e  GalnAs is s tro n g er th an  th e  InP a t  a  th ickness of 
175A and def ocus o f -1220A, although th is  has no t been observed
experim entally . I t  w as found in the  HREM im ages th a t  th e  InP re f lec tio n s  
dom inated th e  la t tic e  image a t  a ll th icknesses o f c ry s ta l  exam ined in 
th e  f ie ld  o f view.
4 .3  Sum m ary o f  chapter
I t  is  found th a t  in HREM images obtained from  InP/G alnA s th e  in te rfa c e  
reg ion  could be enhanced by the use o f extended def ocus and th ick er 
reg ions o f th e  c ry s ta l. I t  w as also observed th a t  in th in  a re a s  o f the  
c ry s ta l, th e  use o f defocus can improve the  c o n tra s t  by m odulation of 
th e  GalnAs re f lec tio n s  in phase c o n tra s t im ages . In th ick e r a re a s , th e  
ro le  of th e  def ocus is less pronounced and th e  im age c o n tra s t  is 
dom inated by the  in tensity  behaviour as  a  function  o f th ickness. This
occurs fo r  a  c ry s ta l th ickness of about 130 A, as p red ic ted  by th e  
in te n s ity /  th ickness oscilla tion  fo r  GaAs w ith  re sp e c t to  InP. In the  
HREM im ages p resen ted  the  dom inant c o n tra s t comes from  InP {111} and 
{002} re flec tio n s , independent of th ickness and defocus chosen here.
The CTF fo r  an extended defocus of -1220A suggested  th a t  th e  phases of 
im p o rtan t re flec tio n s  in the  tw o compounds w ere stro n g ly  m odulated, 
w hile a t  th e  optimum defocus of -500A a  pass band e x is ts  th a t  allow s th e  
sc a tte re d  beam s to  tra n sm it along the  m icroscope column u n affec ted .
The id en tif ica tio n  of s teps w as made d iff ic u lt by th e  m o ttled  c o n tra s t
th a t  re s u lts  from  specimen p repara tion . This made i t  d if f ic u lt  to  assign
local changes in the  in te rface  dot in tensity  to  s teps. However, i t  w as
possible to  m ake an assessm ent of the  overall layer q ua lity  fro m  these  
im ages. The tra n s it io n  w idth  appeared to  be no m ore th a n  6A o r tw o 
m onolayers, th e  lay ers  being p lanar and of good quality .
In conclusion i t  is possible to  enhance th e  in te r f  ace c o n tra s t  betw een 
InP and GalnAs by th e  judicious use o f th ickness o f c ry s ta l  and 
m icroscope defocus, b u t d iff ic u lt to  assess th e  s tep  s tru c tu re  of the  
layers . The use o f I+ reac tive  ions has been known to  im prove th e  
quality  o f specim en p rep a ra tio n  in indium containing compounds, and may 
possibly im prove th e  chances of id en tif  ying in te r f  ace s te p s  in th is  
system  when using non -stan d ard  HREM imaging.
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5.1 In tro d u c tio n
This ch a p te r  is  concerned w ith  th e  theory  and previous w ork asso c ia ted  
w ith  low m is f it  s tra in e d  ep itax ia l layers, w ith  p a r t ic u la r  em phasis on
th e  m odels p rese n t in th e  l i te ra tu re  to  p red ic t th e  s ta b ili ty  o f th ese  
m ism atched system s. T heories th a t  have been used in th e  l i te r a tu re  to
p red ic t th e  c r i t ic a l  th ickness of sam ples w ith  s tr a in  levels below 2%
a re  review ed. The discussion th a t  follow s in ch ap te r 6 is  based on
com paring observations o f th e  dislocation density  to  th a t  p red ic ted  by 
these  th eo ries , to g e th e r  w ith  the  experim ental d a ta  of o th e r  w orkers. I t  
is hoped in th is  way to  se lec t a  m ism atch s ta b ility  c r i te r ia  ap p ro p ria te  
to  the  In^Ga^ ^As/GaAs compound sem iconductor system  w ith  x  below 0.25.
A b r ie f  review  of th e  w ork in ch a rac te ris in g  the  d islocations p re se n t in 
s tra in e d -la y e re d  s tru c tu re s  is also  presented , follow ed by a  sum m ary of 
th e  chap ter.
5 .2  The co n c ep t o f  c r i t i c a l  th ic k n e s s  in  S tra in e d  E p i ta x ia l  L a y e rs
5.2.1 In tro d u c tio n
I t  is w idely believed th a t  beyond a c ritic a l th ickness, h , a  s tra in e d
c
epilayer w ill no longer grow  coherently  and m isfit d islocations w ill be 
inco rpo ra ted  a t  the  e p ila y e r /su b s tra te  in te rf  ace to  re la x  th e  la t tic e  
m ism atch s tra in . Van d e r  M erw e (1963) argued th a t  as a  th in  e p ita x ia l 
layer g rew  coherently  upon a  su b s tra te  w ith d iffe re n t la t t ic e  p a ra m e te r  
a  c r it ic a l th ickness would be reached a t  which i t  w as en erg e tica lly  
favourab le  to  accom m odate th e  la ttic e  m isfit using an a r ra y  of 
d islocations r a th e r  th an  by increasing  the  e la s tic  s tr a in  in th e
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epilayer. This is c learly  an equilibrium  argum ent which does not tak e  
into account e ith e r  th e  d islocation  in troduction  m echanism s o r any 
energy b a r r ie r  to  nucleating  th e  m is f it  d islocations.
M atth ew s (1975) and M atth ew s e t  a l (1976) provided a  model fo r  the  
in troduction  of m is f it d islocations, based on p re -e x is tin g  
d islocations. According to  th is  theo ry , the  c r it ic a l th ickness occurs
when th e  ep ilayer s tre s s  becomes su ff ic ie n t to  cause th e  ex isting  
th read in g  dislocations in th e  su b s tra te  to  bend over a t  th e  in te rfa c e  
and fo rm  m isfit d islocations. The model is also an equilibrium  model and 
leads to  a  sim ila r expression  fo r  h .
c
Both of th e  above models (M atthew s 1975, M atthew s e t  a l 1976) provide 
good descrip tions of th e  behaviour in many system s (Kuk e t  al 1983), 
such as  low s tra in  and th in  lay ers  on defective su b s tra te s . However i t  
is evident th a t  these  models cannot adequately  explain th e  c r it ic a l 
th ickness fo r  grow th  on d islocation  f re e  su b s tra te s , as  w as e legantly  
illu s tra te d  by F i tz g e ra ld  e t  al (1988), who showed how th e  c r it ic a l
th ickness w as a  s tro n g  function  of the  su b s tra te  d islocation  density  by 
lim iting  th e  grow th  a rea . These models can not th e re fo re  ignore the
problem  of d islocation nucleation. There have been re p o rts  (e.g. P eop le  
and B ean 1985) of experim ental de term inations of h fo r  ep ilayer g row th
c
on low d islocation density  su b s tra te s  in which th e  observed c r i t ic a l  
th ickness is  f a r  g re a te r  th an  th a t  p red ic ted  by th e  equilibrium  th eo ries  
(van  d e r  M erw e 1963, M atth ew s 1975). This would imply th a t  th e  k inetics 
of d islocation  nucleation and p ropagation  a re  ex trem ely  im portan t to  th e  
c u rre n t understanding  of ep itax ia l sem iconductor system s.
In addition  to  th is , th e re  e x is ts  th e  problem  of the  experim ental
62
determ ination  of h , as  th is  is shown in the  l i te ra tu re  to  be a function
c
of th e  technique used to  m easure it. For exam ple, the  c r i t ic a l  th ickness 
o f a  la ttic e  m ism atched system  w as m easured  by G ourley  e t  a l (1988) by 
photolum inescence m icroscopy (PLM). This technique re lie s  on th e  f a c t  
th a t  a  d islocation  w ill ex tingu ish  th e  photolum inescence ou tpu t o f th e  
sam ple, resu ltin g  in a  dark  line d e fec t in th e  sam e region. However, 
th is  technique cannot neccessarily  d e tec t the  presence of a single d islocation 
and so i t  is som etim es erroneous in i ts  de tec tion  of the  th ickness a t
which the  f i r s t  d islocations w ere  introduced. D espite th is , th e  
technique is usefu l because i t  ind ica tes  th e  e ffe c t of d islocations on 
an im portan t m ate ria l p roperty , namely th e  optical output.
O ther techniques also  applicable to  th e  m easurem ent of h , include
C
R utherfo rd  B ackscattering  (RBS), Cathodolum inescence (CL), X -ray
D iffrac tio n  (XRD) and X -ray  Topography (XRT). XRT is usefu l because i ts
detec tion  lim it is  one d islocation , and can be used to  m easure
3 - 2dislocation  linea r densities  up to  10 cm . An exam ple comes from  w ork 
proposed by E ag lesham  e t  al (1988), w here they  used XRT to  probe h in
c
Si/SiGe low m ism atch m ate ria l. They found th a t  f in ite  d islocation
densities  ex isted  in ep ilayer th icknesses one q u a rte r  of th a t  p red ic ted  
by TEM, RBS and XRD. This re su lt  dem onstra tes  th a t  in a  low m ism atch
ep itax ia l system  th e  c r it ic a l th ickness h is not easily  determ ined
c
experim entally . Im portan tly , they  w ere able to  conclude th a t  th e re  is no 
ab ru p t change from  d efec t f re e  m ate ria l to  th a t  contain ing a  f in ite  
d islocation  density , and th a t  a t  low d islocation  densities some reg ions 
of the  specim en w ill contain  no d islocations w hereas o th er reg ions w ill 
have a f in ite  density.
I t  can be concluded th a t  in low m ism atch system s a t  lea s t, th e re  is no
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sharp ly  defined c r it ic a l th ickness, and th a t  m is f it d islocations may 
e x is t  a t  ep ilayer th icknesses su b s tan tia lly  below th e  l i te ra tu re  
re p o rte d  values, as well as appearing  in ep ilayers  f a r  beyond the  
th ickness p red ic ted  by the  equilibrium  models o f M a tth ew s (1975) and Van 
d e r  M erw e (1963). I t  is increasingly  c le a r  th a t  th e re  is  no single 
d efin ition  of th e  te rm  "critica l layer th ickness", as  has been 
recognised in th e  recen t publications (Dodson and Tsao 1987, M iles and 
M cGill 1989 and T uppen  e t  al 1989).
The observation  of m isfit d islocations in p lan view TEM sam ples im plies
4 - 2a  concen tra tion  of a t  lea s t 10 line d e fec ts  cm , so th a t  when the  
reso lu tion  of one technique is exceeded ano ther technique can be 
applied. The whole range o f d islocation  densities  can th en  be 
investiga ted  if  these  techniques can be combined. There is also  a 
sam pling problem , in th a t  the  in trin s ic  w a fe r  d e fec t density  is a  s tro n g  
function  o f i ts  position in the  ingot, which undergoes considerable 
th erm al s tre s se s  during ingot pulling. X -ray  topographs have revealed  
th a t  the  w a fe rs  contain  dislocation bundles th a t  appear ce llu la r. The 
cell w alls contain  many dislocations while th e  in te r io r  of th e  cell 
contain  re la tive ly  few . The cell size  is not much sm alle r th an  a  plan 
TEM sam ple which may induce some sam pling e rro r , but would not p rese n t a  
problem  to  techniques such as CL and PLM.
5 .2 .2  The in tro d u c tio n  o f  m is f i t  d is lo c a tio n s  in  d is lo c a tio n  f r e e  
s u b s tr a te s
The source of the  f i r s t  m isfit d islocations w as considered by F ra n k  
(1950) and H ir th  (1963), who have shown th a t  th e  low est energy ro u te  is 
th rough  the  nucleation and propagation  of a  d islocation  ha lf-lo o p  from
th e  g row th  su rface. M atthew s e t  a l (1976) have considered  in d e ta il
d islocation  half-loop  nucleation and p ropagation  in s tra in e d  ep ilayers 
and have provided expressions fo r  the  c r i t ic a l  rad iu s  a  ha lf-lo o p  m ust 
ex h ib it fo r  i t  to  p ropagate, and the  corresponding  ac tiv a tio n  energy 
req u ired . They concluded th a t  th e  nucleation  b a r r ie r  could not be 
overcom e (a t typ ical g row th  tem p era tu res) fo r  m is f its  below about 2% fo r  
a n y  ep ilayer thickness.
These ca lcu la tions w ere re-exam ined  by E ag lesham  e t  a l (1989a), using a 
r a th e r  h igher value fo r  the  d islocation  core p a ra m e te r, a , o f 4, which 
is  though t by H ir th  and L o th e  (1982) to  be m ore ap p ro p ria te  to  a
sem iconductor than  th e  value of 1 used by M atth ew s e t  a l (1976). The 
re s u l t  w as to  increase the  nucleation b a r r ie r  to  even h igher energ ies,
i.e . homogeneous nucleation would req u ire  about lOOeV, about an o rd er of 
m agnitude of energy g re a te r  th an  ac tua lly  availab le  a t  reasonab le  g row th  
tem p e ra tu re s  (~3 -  7eV), depending on w hether the  value o f 50kT o r 88kT 
is  chosen fo r  the  available energy (M atthew s e t  al 1976 o r H ir th  1963 
respectively).
This leads to  the  conclusion, a t  lea s t in ep ilayer system s containing
s tra in  values of less than  2%, th a t  i t  is very  unlikely homogeneous 
nucleation  would occur, as the  energy requ ired  is too  g re a t . However, 
th e  experim ental evidence of XRT (E aglesham  e t  al 1988) and TEM 
(E ag lesham  e t  al 1989b, H ull e t  al 1988) suggests th a t  i t  is r a th e r  easy 
to  nuclea te  m isfit d islocations in s tra in ed  ep ilayers a t  low m ism atch 
when th e  layers  a re  grown on d islocation  f re e  su b s tra te s . T h erefo re  i t  
is m ost likely th a t  heterogeneous nucleation sources a re  o pera ting  to  
explain  th is  observed m isfit d islocation nucleation behaviour.
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This is  indeed the  case as has been discovered by H u m p h rey s e t  al 
(1989), who found w hat they  r e f e r  to  as a  diam ond d e fec t source, 
so -ca lled  because of i ts  diamond appearance in th e  specim en p ro jec tions  
exam ined. This indeed seemed capable of being a  reg en e ra tiv e  d islocation  
source  and explained th e  observed d islocation  h a lf  loops in th e  SiGe/Si 
alloys they  studied.
G ibb ings e t  a l (1989a) have also  rep o rted  th e  p ropagation  o f d islocation
ha lf-lo o p s  f  rom  th e  cen tre  of ex isting  def e c ts  th a t  a r is e  f  rom  the
grow th  p rocess. They estim ated  th e ir  density  to  be o f th e  o rd e r  o f 300 
_2la rg e r  d e fec ts  cm , these  being d is tin c t from  th e  m is f it  d islocations 
p re se n t as  a  re su lt  of th e  w afe r quality . T uppen  e t  al (1989) used 
d islocation  sensitive  etches to  show c learly  th a t  v irtu a lly  a ll new 
d isloca tions nucleate  heterogeneously, and th a t  th e  m is f it  d islocation  
d is tr ib u tio n  is  not a t  a ll uniform  acro ss  the  w afe r.
The m odels th a t  p red ic t the  s ta b ility  lim it o f s tra in e d  system s w ill now 
be d iscussed  in the  ligh t of th e  evidence in th e  l i te ra tu re  described  
above fo r  th e  nucleation of d efec ts  in I I I - V  sem iconductor compounds in 
both  d islocated  and dislocation f re e  su b s tra te s .
5 .3  T he th e o r e t ic a l  p re d ic tio n  o f  C r i t ic a l  T h ick n ess
5.3.1 M echan ica l e q u ilib r iu m  m odel -  Van d e r  M erw e (1963)
This model is based on the  in itia l calcu lations of Van d e r  M erw e, who 
ca lcu la ted  th e  c ritic a l layer th ickness of a  la t t ic e  m ism atched 
overlayer on the  basis of energy considerations. In b r ie f , th e
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in te r fa c ia l  energy, e  , betw een the  film  and the  s u b s tra te  w as assum ed
to  be th e  minimum energy available fo r  the  genera tion  o f d islocations. 
From  th is , th e  follow ing approxim ate expression fo r  e^, in th e  lim it of 
m odera te  m is f its  (f<4%), w as obtained:
w here G is th e  shear modulus, f  is the  m is f it and b is th e  ; 
m agnitude of the  B urgers vector).
The a re a l s tr a in  energy density  (s tra in  en e rg y /area ) a sso c ia ted  w ith  a  
film  of th ickness h w as given by:
Equating  (5.1) and (5.2) and se ttin g  h=h , the  follow ing equation  fo r
c
c r i t ic a l  th ickness resu lted :
w here ao is  th e  bulk la ttic e  constan t of the  su b s tra te , and v  is 
Poissons ra t io . This model is simple and does not take  in to  account th e  
type  of d islocations involved when the  c rit ic a l th ickness has been 
exceeded. I t  is an equilibrium  argum ent to  p red ic t th e  f i lm /s u b s tr a te  
s ta b ili ty  lim it.
e ^  9.5f(Gb/47r2) (5.1)
c  = 2G
H
(5.2)
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5 .3 .2  M echan ica l E q u ilib r iu m  m odel -  M atthew s an d  B lak eslee  (1974)
The equilibrium  argum ent w as taken fu r th e r  by M atth ew s and B lak eslee  
(1974) to  include a  non -in te rac ting , c ross g rid  a r ra y  o f edge
d islocations as had been noted experim entally  when th e  c r i t ic a l  
th ickness had been exceeded. Mechanical equilibrium  th eo ry  w as used to  
ca lcu la te  h , w hereby th e  c rit ic a l thickness is assum ed to  have been
C
exceeded when th e  energy associa ted  w ith  th e  s tre s s  in th e  m ism atched 
ep ilayer ju s t  balances th e  line tension of a  su b s tra te  th read in g  
d islocation.
Two s itu a tio n s  w ere  envisaged fo r  a  th read ing  dislocation. One w here th e  
d islocation  is tu rn ed  in to  the  in te rfa c e  and has ex ited  th e  sam ple, 
known as  th e  single kink model (which could occur in a  single ep ilayer 
on a  su b s tra te ) , and th e  second where the  d islocation  is  d is to r te d  in to  
a  loop by th e  ep ilayer s tre s s . When the  d islocation is pulled out, th e  
re s u lt  is tw ice  th e  d islocation line length. The la t te r  would apply to  a  
th read in g  d islocation  in a  buried o r m ultilayer geom etry sam ple, and is 
known as a  double kink model. Both models a re  shown in f ig u r e s  5.1 and 
5.2.
M atth ew s e t  a l (1976) f i r s t  determ ined the  to ta l  a re a l s t r a in  energy  
density  e  due to  s tra in  e and dislocations e  . The c r i te r io n  fo rH D
determ ining  th e  c r i t ic a l  layer thickness is:
5 e / 5 |e |  = f  (5.4)
evaluated a t  | e | = f , w here | e | = m agnitude of the  in te r f  ac ia l s tra in . 
The equivalence of equation (5.4) to  the  requ irem ent th a t  th e  n e t
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td -  threading dislocation 
md -  misfit dislocation 
FI -  tension in line 
Fe -  tension in epilayer
GaAs
md md
InGaAs
md
GaAs
Figure 5.1 Double kink geometry of a threading dislocation in a 
buried layer used by, Matthews (1975)
F
H
Figure 5.2 Matthews and Blakeslee (1974) mechanical equilibrium 
model based on the single kink geometry.
tension  in the  d islocation  line equal zero  a t  h = h w as shown by
C
M atth ew s and B lak eslee  (1974) fo r  the  case o f edge d islocation  
generation .
F ig u re  5 .2  shows a  schem atic  d iagram  of a  grow n-in  th read in g  d islocation
in a  coheren t in te rfa c e  a t  (a), c rit ic a l in te rfa c e  a t  (b), and
incoherent in te rfa c e  a t  (c). In th is  case th e  n a tu re  of th e  in te r fa c e  is
determ ined by th e  th ickness h. The tension in th e  d islocation  line is
denoted F and th e  fo rc e  e x e rted  on the  d islocation line by th e  m is f it 
D
s tre s s  F . In itia lly , th e  in te rfa c e  is assum ed coheren t f o r  a  film  
th ickness h ; fo r  film  th ickness h the  in te rface  is c r i t ic a l  (i.e. Fri =
a b H
F ); w hereas fo r  film  th ickness h , F > F allow ing th e  d islocation  to  
D c H D
/
elongate in th e  plane o f th e  in te rface , producing a  length  LL of m is f it  
d islocation. This is th e  onset o f the  f i r s t  d islocations. Note th a t  by 
th is  model, c r i t ic a l  th ickness occurs by defin ition  a t  h , w hile in
a
re a lity  i t  would be m ore easily  detec ted  when a th ickness g re a te r  th an
h has been exceeded and m ore d islocation line is visible, 
b
The e la s tic  co n stan ts  of the  tw o media, A and B, w ere assum ed equal, so 
th a t  th e  only fo rce  considered is the  epilayer s tre s s  and not any sh e a r  
s tre s s  assoc ia ted  w ith  th e  fo rm er.
The fo rce  e x e rted  on the  d islocation line by the  m is f it s t r e s s  w as 
th e re f  ore:
F = G
H
'1 +
1 -  v) ■bhe (5.5)
The tension  in th e  d islocation  line w as given by:
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F * Gb2 
D *—7-r~4 n ( 1 - r )
(5.6)
If  F > F , d islocations move and hence h is determ ined as in th e  Van
H D  c
d e r  M erw e (1963) model above by equating  the  d islocation line tension  to  
th e  s tre s s  in th e  ep ilayer (equations 5 and 6), se ttin g  e=f and h=h :
C
In th is  case  an expression  has been obtained th a t  p red ic ts  h as  a
C
function  of th e  m is f it f  th a t  includes some consideration  of
p re -e x is tin g  def ec ts  p resen t in th e  w af er. There is now also  a 
logarithm ic dependence on th e  th ickness h , which becomes s ig n ifican t as
C
soon as h exceeds th e  B urger’s vecto r b. The overall e ffe c t  Of th is
calcu la tion  is to  make th e  c r i t ic a l  layer th ickness g re a te r  th an  th a t  
p red ic ted  by Van d e r  M erw e (1963).
5 .3 .3  H a lf- lo o p  N u c le a tio n  m odel -  M atth ew s (1975)
The h a lf-loop  nucleation  m echanism  w as proposed by M atth ew s in a  1975 
paper, and applies to  th e  case of th e  generation  of loops fro m  th e  
su rface , and does not consider p re -ex is tin g  defec ts . H alf-loop  
nucleation gives re su lts  iden tica l to  th a t  produced by equation  (5.7) 
above. Stages in th e  nucleation  of ha lf-loops and th e ir  subsequent 
grow th  under the  influence o f m is f it s tre s s  to  g enera te  a  segm ent of 
d islocation  line a re  shown in f ig u r e  5.3.
M a tth ew s e t  al (1976) suggested  th a t , in te rm s of the  energy balance
(?) H?j +:]
c
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Figure 5.3 Stages in the nucleation and expansion 
of a half-loop (Matthews 1975).
betw een s tr e s s  re lie f  and d islocation  energy, a  p e rfe c t shear ha lf-loop  
w ill have a  c r it ic a l rad iu s  r  , equal to  th e  c r it ic a l th ickness:
c
when a  resolved sh ear s tre s s  t  a c ts  on a  d islocation  (Burgers vecto r b) 
in a  m ate ria l w ith  sh ear modulus p, Poisson’s ra t io  v, d islocation  core 
p a ram ete r a , and angle £ betw een th e  d islocation  line and b. They also 
ca lcu la ted  th e  ac tiva tion  energy f  o r d islocation  nucleation, the  peak 
energy a t  th is  c r i t ic a l  rad iu s  given by:
E = •" J t i  \ r  -!b(2-v0ln T—c-87ie(l+y)r cosAcos0-2b(l-v)sin/3 >
ac t o l  1—1>) c I b  c I
(5.9)
Here, <f> is th e  angle betw een th e  su rfa c e  and th e  slip  plane norm al, and 
A is th e  angle betw een b and the  d irec tion  in the  in te rfa c e  norm al to  
th e  in te rsec tio n  of the  slip  plane w ith  the  in te rface . Hence, cosA =l/2 
and cos0=2/3  fo r  a  60°<110> half-loop  on a {111} plane under a  s tra in  
ac ting  on (100).
5 .3 .4  E n e rg y  b a la n c e  m odel -  P eop le  a n d  Bean (1985)
The re s u lts  p resen ted  in th is  paper w ere obtained assum ing m is f it  
d islocation  generation  and w ere determ ined by an energy balance 
approach . This is d iffe re n t from  th e  m echanical equilibrium  model 
ou tlined  in section 5.3.1, in which the  m echanical equilibrium  of a  
g ro w n -in  th read ing  d islocation determ ines th e  onset of in te r f  ac ia l 
m is f it  d islocations. Instead, i t  is assum ed th a t  the  grow ing film  is
r
c
} -  2(l-v)sin |3(l-i>/2K l+ln (5.8)
in itia lly  f re e  of th read ing  dislocation, and th a t  th e  in te rfa c ia l m isfit 
d islocation  w ill be g enera ted  when the  a re a l s tr a in  energy density  (see 
equation  (5.2)) exceeds th e  se lf-en e rg y  o f an iso la ted  d islocation  of a  
given type (e.g. screw , edge, e tc .) .
The energy density  o f screw , edge and h a lf-lo o p  d islocation  was 
ca lcu la ted  by N a b a rro  (1967). The screw  d islocation  has a  minimum energy 
density , being less th an  th a t  of an edge d islocation  by 1/(1—1^ ) -  1.4. 
The a re a l energy density  assoc ia ted  w ith  an iso la ted  screw  d islocation 
a t  a  d istance  h from  a  f re e  su rfa c e  is approxim ately:
( Gb' 
d [87T'/2a(x)> (5.10)
w here a(x) is the  bulk la ttic e  co n stan t o f th e  film  (x denotes alloy 
content) and h is th e  th ickness. Equating (5.2) and (5.10) and again  
se ttin g  h=h the  follow ing expression  w as obtained:
c
= [W | (• l ] f b 2 ]
M   ^ 16T, V2 J la(x)J L^ f In (5.11)
5 .4  E x te n s io n s  to  p re d ic tio n s  o f  c r i t i c a l  th ic k n e ss
5.4.1 R e fin e m e n t o f  m ech an ica l e q u il ib r iu m  m odel -  M iles an d  M cGill
(1989)
The approach taken  by M iles and M cGill (1989), and re fe r re d  to  a s  MM in 
th is  discussion, w as sim ila r in concept to  th a t  of M a tth ew s e t a l (1975, 
1976), except th a t  a  d iffe re n t approach to  the  derivation  o f line 
tension w as applied. In b rief, th e  energe tics  of specific  d islocation
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geom etries w as used to  exam ine the  approxim ation  made by M atthew s and 
w orkers th a t  considered in fin ite ly  long d islocations. The key point w as 
th a t  th e  energy associa ted  w ith  th e  new in te rfa c ia l d islocation  segm ent 
w as now taken  into account.
The expression  fo r  c r it ic a l th ickness w as derived as  follow s: th e  energy 
of th e  s tra ig h t  d islocation lines could be described  as  a  sum of se lf  
and in te rac tio n  energ ies (W):
W = V W + y  W (5.12)i iji i<j.
A line tension  (L) could then  be derived by considering  th e  change in
configu ra tiona l energy of the  system  under elongation o f th e  d islocation
lines (S), to  give:
S = SW /  5L (5.13)
As w ith  th e  M atthew s and B lakeslee  (MB) (1974) approach , by equating  
th is  line tension  w ith  th e  fo rce  deriving from  th e  resolved sh ear s tre s s  
of th e  m ism atched layer, F=hbcr, they  could derive an equation  fo r  the
c r i t ic a l  th ickness h as follow s (double kink case):
s  (h) = 2  Is  [ *L-1 +
l-*» [  M-B ^ . n  47r(l-y ) J
w here 0 is the  angle betw een the  glide plane o f the  m is f it  d islocation  
and th e  plane containing the  m isfit and th read in g  d islocations, £; is the  
m is f it  d islocation line tension, p is the  bulk sh ear m odulus and v  is
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Poisson’s ra tio . They define the  line tension, S, using p a ra m ete rs  
used by MB, fo r  th e  new m echanical equilibrium  case to  be:
S I j r A  = Z " \ l h -& 2 + 1^- —^ -I l n T fg - -y1 (5.15) 47T L ^ 1 -  v  J |_b(£.n)J
H ere MM assum e a  dislocation core p a ram ete r, a , of 3, which w as thought 
to  be m ore ap p ro p ria te  to  covalently bonded sem iconductors th an  a  ^  1, 
w hich w as chosen by MB fo r  th e ir  calcu lations as d iscussed  above. The 
approx im ation  f  o r th e  single kink model f  rom  th is  ex tension  to  the  
theo ry , which also included an approxim ation to  im age fo rc e s  by th e  
te rm in a tio n  o f the  energies a t  the  f re e  su rface , w as given by:
S (h) = S (h) + /* ?  s l n 9 . (5.16)
L co M-B 4 T U l  -  V )
The conclusion is th a t  these  calcu lations yield line ten sio n s beyond 
w hich i t  is energetically  favourable  fo r  d islocation  lines to  e longate. 
A nother im portan t re su lt w as th a t  w ith  reg a rd  to  th e  double and single 
kink m odels o f M atthews and Blakeslee; the  double kink model provides a  
g re a te r  s ta b ili ty  lim it than  the  single kink model, w ith  th e  m agnitude 
of th is  d iffe ren ce  increasing  w ith m ism atch.
In conclusion, MM used continuum e lastic  theo ry  to  p re d ic t th e  line 
tensions requ ired  to  cause elongation of d islocations. T heir w ork 
suggested  th a t  film s a re  s tab le  w ith resp ec t to  d islocation  fo rm a tio n  a t  
th icknesses som ew hat g re a te r  th an  previously thought, a lthough they  
them selves comment th a t  th e ir  th eo re tica l curves do not ag ree  w ith  
corresponding  d a ta  in the  lite ra tu re .
74
5 .4 .2  E n e rg y  c o n s id e ra tio n s  acco rd in g  to  E l-M asry  e t  al (1989)
This model ca lcu la tes  the  to ta l change in the  system  energy  th a t  would
re s u lt  f  rom  th e  presence o f a  bent d islocation a t  th e  s tra in e d
in te rfa c e . This approach is again  d iffe re n t fro m  th e  prev iously  
described  m echanical equilibrium  models and re lie s  on th e  change in  the  
to ta l  system  energy th a t  contains a  th read ing  d islocation  due to  th e  
p resence o f a  m is f it d islocation a t  the  s tra in ed  in te rface .
The energy te rm s  considered in th is  calcu lation  a re  th e  film  s tr a in
energy E , th e  dislocation se lf  energy E and th e  in te ra c tio n  energy
e d
betw een d islocation  segm ents E.. The change in th e  co n fig u ra tio n  o f th e  
d islocation  considered in th e ir  work is indicated  in f ig u r e  5 .4 (a) and
f ig u r e  5 .4(b).
The a re a l s t r a in  energy density  is taken  as b e fo re  in equation  (5.2).
The d iffe ren ce  in the  s tra in  energy AE betw een th e  tw o co n fig u ra tio n s  in 
th e  f ig u re  rep resen ted  the  p roportion  of the  s tr a in  energy  th a t  is 
re lax ed  due to  the  fo rm ation  of a  length* L of m is f it  d is lo ca tio n  line.
The a re a  in which the  m isfit s tra in  w as accom m odated by th is  leng th  L
w as found to  be:
A = (b /2 f )  L (5.17)
e
The d iffe ren ce  in s tra in  energy AE th a t  accom panies th e  change fro m
e
f ig u r e  5 .4(a) to  5.4(b) is a  re su lt of s tra in  energy re la x a tio n  due to  
the  c re a tio n  o f a  m isfit segm ent length L. AE is then  th e  p ro d u ct of
e
equations (5.2) and (5.17) to  give:
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Figure 5.4 Two configurations of threading dislocations parallel to the 
glide interfaces in a strained layer of thickness h;(a) with­
out a m isfit dislocation segment;(b) with a m isfit dislocation  
segm ent L. (El-Masry et al 1989)
w here th e  m inus sign denotes a  reduction  in energy of th e  system .
N a b a rro  (1967) and H ir th  (1963) had already  provided e s tim a tes  o f th e  
se lf  energy o f a  d islocation  AE and d islocation in te rac tio n  energ ies
d
AE  ^ respectively , so th a t  these  values could be used to  f in d  th e  
d iffe ren ce  in th e  system  energy as follows:
AE = AE + AE + AE (5.19)
e d i
This to ta l  system  energy change is then  a m ore com plete model fo r  th e  
ex tension  o f a  sing le  kink th an  provided by th e  equivalent m echanical 
equilibrium  model o f M atthews, as i t  depends on both th e  m is f it  s t r a in  f  
and th e  re su ltin g  m is f it  d islocation  line length L.
In te res tin g  consequences a rose  from  th is  work when the  leng th  L versu s
energy E w as p lo tted  fo r  constan t m is f it and constan t th ickness. Keeping
the  s tr a in  co n stan t and in se rtin g  several values of th ickness revea led
th a t  th e re  w ere  energy b a rr ie r s  to  the  extension of a  d isloca tion  a t
c e rta in  th icknesses, and likewise when the  s tra in  w as v aried  f o r
constan t th ickness. The energy b a rr ie r  is found to  be much too  high in
some cases o f h and L, o rd ers  of m agnitude m ore th an  th e  th e rm al
ac tiva tion  energy ac tua lly  p resen t. However, th is  energy hump w ith  i ts
*
c r itic a l d islocation  length L could be reduced by increasing  th e  
th ickness, to  a  point w here a t  a  ce rta in  th ickness the  energy b a r r ie r  to
having a  s tab le  b en t-o v er segm ent becomes negligible, and th e re fo re  th is  
becam e th e  en erge tica lly  m ost favourab le  situa tion . The sam e e ffe c t 
could be achieved by increasing  th e  s tra in  fo r  a  given th ickness.
These p red ic tions enabled them  to  redefine  th e  minimum c r itic a l
th ickness f o r  a  given degree of m isfit as  th e  th ickness a t  which th e
* * 
c r it ic a l m is f it  d islocation  length  L and energy b a rr ie r  AE a re  equal
to  zero . The ac tiva tion  energ ies fo r  th e  s tab le  p roduction  o f th e
tu rn ed -o v er th read in g  segm ent a re  s im ilar to  th a t  es tim ated  by M atthew s’
s u rf  ace loop approx im ation  a t  around lOOeV, bu t th is  can be re la te d  to
th e  type o f d islocation  and i ts  in itia l length , a  refinem en t no t
possib le w ith  th e  M atthew s model.
5 .4 .3  R e f in e m e n t in  th e  h a lf - lo o p  n u c le a tio n  m odel -  Van d e r  L e u r  e t  al
(1988)
In th is  w ork they  note th a t  the  ex isting  theo ries  of Van d e r  M erw e 
(1963) and M atth ew s (1975) gives pred ictions of h which, in th e  case  of
c
sm all m is f it  in sem iconductor ep itax ia l system s, a re  a  f a c to r  o f 5-10 
sm aller th an  those  th a t  have been observed by severa l o th e r w orkers  
(K asp er e t  a l 1975, F io ry  e t  al 1984 and Bean e t  a l 1984, re fe re n c e
num bers 13, 14 and 15 in Van der Leur). They also point ou t th a t  because 
a  s itu a tio n  o f highly an iso trop ic  s tra in  is encountered, i t  is a  crude
approx im ation  to  use iso trop ic  values f  o r the  shear modulus G and
Poisson’s r a t io  v. Consequently they use the  follow ing re la tio n s  in
th e ir  subsequent derivation  of the  c rit ic a l thickness:
v  = C A C  + C ) and G = (C -  C ) /  2 (5.20)
12 11 12 11 12
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The system  chosen w as SiGe/Si which w as considered to  be a d islocation  
f re e  su b s tra te , and consequently th e  c rit ic a l th ickness w as m odelled on 
th e  basis  o f th e  in troduction  and expansion o f a  ha lf-loop  fro m  the  
su rface . Here they  derive a  new c ri t ic a l  rad iu s  r  fo r  expansion o f th e
c
loops, including th e  energy b a r r ie r  E th a t  m ust be crossed  in o rd er to
m ax
reach  r  , th e  c r i t ic a l  rad iu s  fo r  expansion o f th e  loops. A d iagram  of
c
th e  energy of a  sem ic ircu la r slip  loop as  a  function  of i ts  rad iu s  is
reproduced  in f ig u r e  5.5, which il lu s tra te s  th e  energy b a r r ie r  th a t  has 
to  be crossed  in o rd er to  reach  r  .
c
M atth ew s (1975) based h is nucleation of a  loop argum ent on w hether a  
ha lf-loop  of rad iu s  r  can f i t  in to  th e  film , so th a t  if  i t  can’t  th e
m ax
film  w ill rem ain  coherent. This argum ent w as based on th e  fo rces  ac ting  
on a  loop (again m echanical equilibrium  theory). If  r  is less th an  r  ^
th e  loop is expelled, bu t i f  r  is g re a te r  th an  r  th e  loop can
m ax
enlarge. Here th e  approach applied by Van der Leur and co -w orkers 
deviates, and they  base th e ir  discussion on purely  energe tic  argum ents 
in a  s im ila r fash ion  to  People and Bean. Here a ha lf-loop  w ill only
expand to  g en era te  a  m is f it d islocation  if  r  is g re a te r  th an  r  . The
C
d iffe ren ce  betw een r  and r  is  illu s tra te d  in f ig u r e  5.5. The reaso n
m ax c
they  give fo r  th is  d iffe ren ce  is th a t  below r  th e  energy is  s t i l l
C
g re a te r  th an  th e  system  would contain  w ith o u t  a  loop.
For a  film  w ith  (001) p a ra lle l to  the  su rface  and th e  sem ic ircu la r loop 
in the  (111) plane, th e  c r it ic a l th ickness below which the  loops cannot 
expand w as found by Van d e r  L e u r  e t  al (1988) to  be:
h = r  /  2 /3  (5.21)
c c
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R max
Figure 5.5 Energy barrier of a semicircular slip loop as a function
of its radius. The energy barrier Emax has to be exceeded 
to reach Rc, the critical radius for the expansion of these 
loops (van der Leur et al 1988).
They found th a t  th e  num erical value of th is  c r i t ic a l  th ickness is about 
tw ice  th e  value obtained by th e  fo rc e  model o f M atthews. I t is noted 
also  th a t  th e  model proposed provides a  low er e s tim a te  fo r  h^ th an  the  
model o f People and Bean, to  which i t  is m ost analogous, a t  le a s t below 
27. s tra in . The model th e re fo re  produces p red ic tions fo r  th e  s ta b ili ty  of 
th e  film  w ith  rep e c t to  th e  expansion o f a  h a lf-loop  to  be som ew here 
betw een th e  p red ic tions of M a tth ew s (1975) and P eop le  and B ean (1985).
5 .4 .4  R e f in e m e n t in  th e  h a lf - lo o p  n u c le a tio n  m odel -  M aree  e t  al (1987)
The aim  of th is  w ork w as to  derive an expression  fo r  th e  e la s tic  s tra in  
as a  function  of m ism atch and film  th ickness w ith  a  re a lis t ic  expression  
fo r  th e  ac tivation  energy fo r  th e  nucleation  o f d islocations. This w as 
achieved by tak ing  in to  account s tr a in  re le ase  and d issociation  of 
d islocations into p a rtia ls , both  m echanism s th a t  could account fo r  a  
low ering of th e  k inetic  b a r r ie r  which inh ib its  th e  f  o rm ation  of 
d islocations in system s th a t  would req u ire  homogeneous nucleation.
The ac tivation  energy fo r  nucleation  w as obtained by ca lcu la ting  th e  
energy of a  ha lf-loop , as w as common to  su rfa c e  loop models o f both  
People and Bean and M atthews. The c r i t ic a l  rad ii o f h a lf-lo o p s is  then  
considered fo r  th e  fo rm ation  of e ith e r  p a r t ia l  o r p e rfe c t d islocations 
by the  addition  of a  te rm  t  to  an expression  iden tica l to  th a t  of 
M atthews given in section  5.1.3 (c) (equation 8):
1 p b 2( l -r  =c x .b ± ^ ‘ 47r( 1—
v /2 )  [ . a r—r— . 1 + In cV) I h . (5.22)
w here b is re la te d  to  the  B urgers vecto r of a p e rfe c t d islocation . For
a  p e rfe c t  d islocation  r=0 , w hereas fo r  a  p a r t ia l  d islocation  a stacking 
f a u l t  energy is e ith e r  o r - y  depending on w hether th e  stack ing  fa u lt  
energy is added o r re leased  respectively . I t  w as noted however th a t  
equation  (5.22) is  only valid  fo r  th e  case o f an iso la ted  dislocation.
The dynamic e ffe c ts  th a t  occur during nucleation  w ere  also  considered, 
such as  th e  reduction  in some of th e  m is f it s tr e s s  on th e  in troduction  
of d islocations to  th e  s tru c tu re . This is a  d if fe re n t m ethod to  th a t  of 
People and Bean, who took a  s ta t ic  approach  by considering only the  two 
s ta te s  o f th e  system , th a t  of the  a re a l s tr a in  energy density  of the  
in te r fa c e  w ith  and w ithou t an iso la ted  sc rew  dislocation.
Mar6e and co -w orkers however point ou t th a t  th e ir  p red ic tions a re  
n ecessarily  com plicated because o f th e  e f fe c t  o f th e  reduced m is fit 
s tr e s s  energy available f  o r nucleation, and because o f th e  screening  
fa c to r  th a t  m ust be in troduced when many d islocations a re  p resen t to  
account fo r  th e  loss of d islocation m obility. I t  w as rep o rted  th a t  in a  
reg ion  bounded by these  tw o ex trem es th e  experim ental d a ta  they  had 
obtained f i t te d  well to  the  observed c r i t ic a l  th ickness p red ictions.
5.4 .5  Summary
The concept of c r it ic a l layer th ickness, o r m ore accu ra te ly , the  
s ta b ili ty  of m ism atched ep itax ia l film s has been m odelled by severa l 
au th o rs  using continuum  theory . Continuum theo ry  applies when the  
d islocations th a t  a re  genera ted  have core  ra d ii much sm alle r th an  th e  
dim ensions of the  ep itax ia l film ; th is  th eo ry  no longer applies when the  
c r it ic a l th ickness approaches the  dim ensions o f th e  core  e.g. a  few  
m onolayers, such as may e x is t fo r  highly s tra in e d  film s.
80
Two s itu a tio n s  become evident from  a review  of th is  work. G row th on 
de f ective and on dislocation f  ree  su b s tra te s  can be conveniently 
described  by the  tw o system s of InGaAs on GaAs s u b s tra te s , and SiGe on 
Si s u b s tra te s  respectively . SiGe/Si su p e rla ttic e s  have been studied  
w idely because o f th e ir  technological im portance and because o f the  
am ount o f silicon technology already  available.
An im p o rtan t fe a tu re  of much of th is  w ork has been th e  concern  over 
som ew hat sluggish re lax a tio n  behaviour, which enable m e ta s ta b le  reg ions 
o f g row th  to  ex is t well beyond f ilm /s u b s tra te  coherency p red ic tions. The 
conclusion has highlighted the  im portance of th e  ro le  o f k inetics  in th e  
g row th  o f th ese  s tru c tu re s , and in th eo ries  derived to  explain  th e  
observed d a ta . The a ttem p t to  explain th e  d a ta  has led to  re fin em en ts  of 
e a r l ie r  m ism atch s ta b ility  p red ictions, given in th e  la s t  section .
Two basic  approaches w ere followed; the  energy balance model (People and 
Bean, Van der Leur and co-w orkers, e tc .)  and m echanical equilibrium  
th eo ry  (M atthew s e t  al 1976, E l-M asry  e t  al 1989, e tc .) . The energy 
balance model w as m ost frequen tly  applied to  the  d islocation  geom etry  
described  by a  half-loop , the  s itu a tio n  w here th e  f re s h  g enera tion  o f 
d islocation  line can occur, and is m ost applicable to  d islocation  f re e  
s u b s tra te s  such as  the  SiGe/Si system , w here th e re  a re  few e r th read in g  
d islocations. Mechanical equilibrium  theory  is applied to  th e  fo rc e  
balance approxim ation on p re -e x is tin g  d islocation  line, i.e . th read in g  
d islocations from  a  defective su b s tra te .
The w ork in th is  thesis  is based on the  InGaAs/GaAs system , which has
4
s u b s tra te s  th a t  contain a  d islocation density  in the  reg ion  o f 2.10 to
5 -22.10 d e fec ts  cm , and th e re fo re  these  d islocations can be considered
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a s  being tu rn ed  over into the  in te rfa c e  using th e  m echanical equilibrium  
model. However, once these  d islocations have been f i l te re d  out o f the  
sam ple, and if  g row th is continued, th e  sam ple m ust f u r th e r  re la x  once 
i t  has exceeded some m ism atch c r i te r ia . Indeed, on th e  m icroscopic scale  
i t  is  m ost likely th a t  a t  lea s t tw o c rit ic a l th icknesses e x is t  f o r  th e  
InGaAs system , one by which the  th read ing  d e fec ts  a re  rem oved, and the  
second a s  a  function  of th e  m is f it o f th e  layer. R elaxation  then  
proceeds a t  a  r a te  determ ined by th e  moduli o f th e  m a te ria ls  involved.
The s itu a tio n  could be f  u r th e r  com plicated if  th e  in te r f  ace d islocations 
a c t  a s  new heterogeneous d islocation  nucleation  s ite s , e ffec tiv e ly  
reducing  th is  second c ritic a l th ickness qu ite  considerably . However, 
th is  second c r it ic a l thickness could be adequately  m odelled by an energy 
balance model fo r  the  generation  of f re s h  d islocation  line, w ith  
m odifica tions to  the  ac tivation  energy due to  th e  d isloca tions a ris in g  
from  th e  f i r s t  c rit ic a l thickness.
A nother f a c to r  th a t  could be im portan t is th a t  no d islocation  
m u ltip lica tion  process is dom inating, as th is  would f u r th e r  ^com plicate 
th e  scenario . D islocation m ultip lication  would continue to  reduce  the  
nuclea tion  b a r r ie r  so th a t  the  models used to  p red ic t th e  expansion  o f a  
h a lf-lo o p  would not be needed.
I t is  no ted  th a t  several au tho rs have extended the  tw o d if fe re n t  models 
to  provide m ore soph isticated  descrip tions o f th e  film  s ta b ili ty , and 
have produced c ritic a l thickness (h ) versus m is f it (f) cu rves th a t
c
genera lly  lie in betw een the tw o ex trem es p red ic ted  by m echanical 
equilibrium  and energy balance models fo r  p re -e x is tin g  d e fe c ts  and 
homogeneous dislocation nucleation. The main d iffe re n c es  can be
sum m arised a s  follow s:
F o r th e  m ec h a n ic a l e q u ilib r iu m  ap p ro ach :
a . A f re s h  approach  to  the  derivation  of th e  line ten sio n  o f a
d islocation  w as used (M iles and M cGill 1987).
b . An exam ination  o f the  approxim ation of in fin ite  d isloca tion  line 
length  used by M atthews, w ith  th e  in troduction  of th e  f in i te  line 
lengths; line length  became a  new variab le . This c r i t ic a l  line length
gave th e  energy b a r r ie r  to  the  tu rn -o v e r of a  s u b s tra te  th re a d in g
d islocation  (M iles and M cGill 1987).
c. More specific  d islocation geom etry applied, th a t  o f 60° m ixed 
th read in g  d islocation  m ost frequen tly  observed in low m is f it  [100] 
system s. M atthew s had used the  approxim ation of a  square  a r ra y  o f edge 
d islocations (M aree e t  al 1987).
d . The energy assoc ia ted  w ith  increase  o f line leng th  along th e
in te rfa c e  w as included in the  overall calcu lation  o f h lead ing  to
c,
im plications in th e  s tra in  re lax a tio n  ra te , as the  e f fe c ts  o f th e  
P ie rls -N ab a rro  f r ic tio n  s tre s s  have to  be considered as  an  im p o rtan t 
f  a c to r  when producing large  lengths of dislocation line in m a te ria ls  
th a t  have no o ther types of defec t p resen t (p re c ip ita te , g ra in
boundaries, e tc) (E l-M asry  e t  al 1989).
e . Screening fa c to r  r  in troduced to  account fo r  th e  e f fe c t  o f 
neighbouring d islocations by M aree e t  al (1987).
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f .  Most w orkers  used a  core p a ram ete r fo r  th e  d islocation  o f 3 o r 4 as  
opposed to  1 used in itia lly  by M atthew s and B lakeslee  in th e  1974 paper.
F o r  th e  e n e rg y  b a la n c e  ap p ro a c h :
a . Iso trop ic  co n stan ts  rep laced  by an iso trop ic  values f o r  G and v  as 
under th e  b i-a x ia l  s tr e s s  encountered th is  became im p o rtan t (van  d e r  
L e u r  e t  a l 1988).
b . An energy  b a r r ie r  to  th e  ex istence of the  ha lf-loop  is  found th a t  
defines a  minimum energy o r th ickness of film  requ ired  to  con ta in  th e  
loop, so th a t  below th is  ac tivation  energy th e  loop cannot ex is t. I t  is  
im p o rtan t th a t  th is  is not th e  c rit ic a l rad iu s  fo r  th e  h a lf-lo o p  bu t 
occurs a t  a  som ew hat low er energy (as in M iles and M cGill 1987 above in 
b).
c. An ex tension  o f th e  model of People and Bean is given th a t  includes 
th e  e ffe c ts  o f th e  d issociation  of d islocations into p a r t ia ls , w hich a re  
of low er configu ra tiona l energy than  60° d islocations. (M aree e t  al 
1987).
d . Change in th e  configu rational energy of the  system  m odified fro m  th e  
s ta t ic  (or tw o s ta te )  approach to  the  dynamic approach by M aree  e t  al 
(1987), which p laces m ore em phasis on the  influence of th e  s tr a in  during  
nucleation , r a th e r  th an  th e  to ta l film  th ickness obtained by th e  s ta t ic  
approach.
All th ese  m odels provide predictions of c ritic a l th ickness som ew here in 
betw een th a t  of the  Van der Merwe and People and Bean, b u t i t  is
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im p o rtan t a s  Van d e r  Leur e t  al (1988) poin t out, th a t  d iscrepancies 
betw een th e  d a ta  and th e  models can o ften  be explained by th e  g row th  
tem p e ra tu re  and hence energy available to  th e  system . M aree and w orkers 
give some reaso n s why th e  s tra in  re lax a tio n  of a  s tru c tu re  can be much 
m ore com plicated  th an  f i r s t  thought, and can a f fe c t  th e  s tra in /th ic k n e ss  
re su lts . F or th ese  they  c ite  th e  size o f the  film  needed to  con tain  a  
loop o f th e  c r i t ic a l  rad iu s , and also  th e  size of sam ple which 
determ ines th e  maximum length  o f th e  m is f it segm ent. The s tr a in  th a t  can 
be re lax ed  is  th en  p ropo rtiona l to  the  sam ple size and th read in g  
d islocation  density .
In conclusion, th e re  have bqen usef ul extensions to  th e  tw o basic  
approaches to  th e  derivation  o f the  m ism atch s ta b ili ty  c r i te r ia ,  such 
th a t  both  m odels have been refined  as m ore fa c to rs  have been taken  in to  
consideration . Both m echanical equilibrium  and energy balance c r i te r ia  
provide usefu l in sigh ts  in to  the  c r it ic a l th ickness of e p itax ia l 
system s, and in th e  n ex t ch ap te r estim ates taken  from  sim ple m odels of 
both  approaches w ill be used to  analyse the  s ta b ility  o f film s in  th e  
InGaAs/GaAs system  below 2% s tra in .
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5.5 TEM o f  e p i ta x ia l  s t r a in e d  la y e r s  (f<2.10 3)
5.5.1 L i te r a tu r e
The m is fit d islocations p rese n t in ep itax ia l s tra in e d  layers  th a t  have
undergone some p la s tic  re la x a tio n  o f th e  s to red  e la s tic  s tr a in  energy 
have been stud ied  w idely because o f th e  in te re s t  in the  e f fe c t  o f such 
d e fec ts  on th e  op tica l and e le c tr ica l p ro p ertie s  o f devices fa b r ic a te d  
from  these  system s. There is  a lso  in te re s t in s tra in e d  lay e rs  as
d islocation  b a rr ie r s , as  th e  s tr a in  can be used to  drive d islocations to  
the  edge o f th e  sam ple and hence reduce th e  d islocation density  o f the  
m ate ria l above th is  s tru c tu re . Some of the  im portan t p ro p e rtie s  of
dislocations p resen t in ep itax ia l system s w ith  a  m isfit s tr a in  o f 2% and
less w ill now be review ed, a s  they  provide usefu l c o rre la tio n s  to  th e
observations o f d islocation  s tru c tu re  observed in the  c r i t ic a l  th ickness 
sam ples exam ined in th e  n ex t chap ter.
I t is generally  accepted th a t  an orthogonal a rra y  of d islocations w ith  
line d irec tions u p a ra lle l to  [110] and [llO] lie in th e  in te r fa c e
betw een th e  s u b s tra te  and ep ilayer. These d islocations a re  g liss ile  on 
•{111} planes and a rriv ed  in th is  region by glide e ith e r  fro m  th e
su b s tra te  as th read ing  d e fec ts  o r from  the  su rface  as th e  r e s u l t  o f th e
expansion of a  ha lf-loop . The geom etry of these  tw o types o f d islocation
w as p resen ted  in the  previous section. The B urgers v ec to rs  a re  
predom inantly  60° d islocations w ith  a  p e rf  ec t la t t ic e  v ec to r
displacem ent (Burgers vector), w ith  an angle of 60° to  th e ir  line
d irec tion  and inclined 45° to  the  (001) in te rfa c e  plane. The fo u r  
possible (111) p lanes give them  B urgers vecto rs of a/2[011], a/2[011],
a/2[101] and a /2 [l01 j.
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The B urgers vecto r analysis of th ese  d islocations in p lan-view  sam ples 
is  com plicated by th e  s tro n g  res id u a l c o n tra s t associa ted  w ith  them . The 
usual g .b  inv isib ility  c rite r io n  is  no t usually  successfu l in  the  
unambiguous determ ination  o f th e  B urgers vecto rs. This is a  re su lt  of 
th e  an iso trop ic  e la s tic  p ro p ertie s  of th e  system . H e rb e a u x  e t  al (1989) 
re p o r t  th a t  only a  f  a in t res idua l c o n tra s t is obtained w ith  th e  
re flec tio n s  g=(442) fo r  which th e  q u an titie s  g .b  and g .b  x u w ere 
sim ultaneously equal to  zero .
Some pure  edge d islocations, w ith  b = a/2[110), a re  also p resen t, though 
in sm aller num bers, and can a r is e  fro m  th e  in te rac tio n  of tw o su itab ly  
orien ted  60° d islocations. B urgers vec to r analysis is e a sie r  in th is  
case, as  edge d islocations d isappear unambiguously fo r  e ith e r  g=220 or 
g=220 (u=110 and llo respectively). In th e  60° d islocation  th e  B urgers 
vecto r is inclined and th e  re s u lta n t  s tr a in  re l ie f  is only h a lf  th a t  of 
th e  edge, which provides the  m ost e ff ic ie n t re l ie f  of s tra in .
Many au th o rs  have rep o rted  th a t  th e  in te rac tio n s  betw een these  types o f 
d islocation  w ill re su lt  in th re e  configu rations (H agen and S tru n k  1978, 
Vdovin e t  al 1985, R a ja n  e t  al 1987, R a ja n  and D e n h o ff  1987, A braham s e t  
al 1969 and H e rb e a u x  e t  al 1989), depending on th e  o rien ta tio n  of th e  
d islocations. No reac tio n  is expected  betw een d islocations w ith  
perpend icu lar B urgers vecto rs, tr ip le  nodes a re  produced when th e  
B urgers vecto rs  a re  inclined a t  60° and the  crossing  point is e lim inated  
in the  case o f d islocations having th e  sam e B urgers vecto rs. These a re  
illu s tra te d  in f ig u r e  5.6.
H agan and S tru n k  (1978) f i r s t  proposed a d islocation  m ultip lica tion  
p rocess th a t  a ro se  from  the  in te rac tio n s  of the  in te rfa c ia l m is f it
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Figure 5.6 Schematic representation of interactions 
between misfit dislocations lying in (100) plane
dislocations in Ge on GaAs su b s tra te s . Two d islocations w ith  th e  sam e 
B urgers vecto r th a t  c ro ss each o th er re a c t  to  produce an ann ih ila tion  
reac tio n  as  shown in f ig u r e  5.6. An asym m etric  configu ra tion  w as 
observed a s  a  common re su lt, shown in f ig u r e  5 .7(a an d  b). One co rner is 
a  sh a rp  90° bend, while th e  o th er is less sharp , and w as found to  have 
these  segm ents inclined to  the  layer su rfa c e  (due m ost probably  to  image 
fo rces). F ig u re  5.7 (b) shows th e  inclined segm ent on a  (111) glide 
plane. If  these  inclined segm ents b reak  the  su rfa c e  th e  in te rsec tio n  
appears as in f ig u r e  5.7(c), and tw o individual segm ents fo rm  as  
depicted  in f ig u r e  5.7(d). These segm ents may then  glide under the  
m is f it s tre s s , although th is  glide may be lim ited  by ad jacen t 
d islocations.
The H agen-Strunk mechanism has been w idely rep o rted  bu t no t a ll th e  w ork 
has re in fo rced  th is  model. H e rb e au x  e t  al (1989) exam ined su p e rla ttic e  
b u ffe rs  of In Ga As on GaAs, and found th a t  a ll th e  d islocations
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w ere d irec ted  into the  b u ffe r  region. Thus they  concluded th a t  i t  w as
no t possible fo r  the  dislocation segm ents to  incline to w ard s th e
epilayer su rface , and th a t  the  H agen-Strunk m echanism  could no t be 
opera tional in th is  case. (They account fo r  th e ir  observed loops as th e  
re s u lt  o f em ission from  sources in the  s tra in e d - la y e r  in te rface ).
Evidence fo r  the  H agan-Strunk mechanism  has been p resen ted  by R a ja n  and 
D e n h o ff  (1987) using th e  SiGe/Si system  and by C hang e t  a l (1989) in 
InGaAs/GaAs w ith  a m ism atch less th an  2%. In these  publications th e  
w eak-beam  (g-3g) technique is used in p lan-v iew  sam ples to  observe th e  
configu ration  illu s tra te d  in f ig u r e  5.7(d). R ajan and D enhoff note
however th a t  the  m ultip lication  can help to  explain  th e  grouping o f 
d islocations of the  sam e Burgers vector. This is however not a
1/ 2[101]
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(a)
Substrate side
dislocation lines
(b)
/■
(c)
(d)
Figure 5.7 Schematic diagram of dislocation 
multiplication (Hagan and Strunk)
conclusive s ta tem en t as the  same phenomenon has been explained by the  
p resence  o f a  diamond d efec t in the  Si on GaAs system  by E ag lesham  e t  al 
(1989b). Chang and w orkers do observe th e  H agen-Strunk configu ra tion  but 
in te res tin g ly  comment th a t , in InQ 15GaQ 8gAs on GaAs, sp littin g  o f th e  
L -shaped  mixed dislocation by gliding has ra re ly  been seen  above 1500A, 
so th a t  above th is  th ickness the  m ultip lica tion  w ill become inoperative.
Extended dislocations have also  been noted in both  InGaAs/GaAs and 
SiGe/Si sem iconductor system s. These m an ifest them selves as  p a r t ia l  
d islocations th a t  have been produced by th e  m is f it  s t r e s s  in the  
ep ilayer. R a ja n  and D e n h o ff  (1987) re p o r t  th a t  a t t r a c t iv e  junctions can 
be d issociated  giving extended nodes, which in some cases  can appear in 
w eak-beam  images as sp littin g  o f th e  d islocations n e a r  th e  crossing  
poin t o f tw o m isfit d islocations. I t  w as suggested  th a t  th e  s tr a in  w as
su ff ic ie n t to  produce p a r t ia l  d islocations, which is  reasonab le  as the  
energy associa ted  w ith  a  p a r t ia l  d islocation  can  be sm alle r th a n  th a t  of
a  p e rfe c t dislocation (the energy assoc ia ted  w ith  a  d islocation  is
2
p ropo rtiona l to  b ) as the  B urgers vector is sm aller.
I t  w as also  noted by A braham s e t  al (1972) th a t  th e re  is an asym m etry  in 
th e  spacing of the  c ro ss -g rid  a rra y s , and th is  has been rep o rted  
subsequently  by several w orkers (R ozgonyi e t  a l 1974 K avanagh  e t  a l 1988 
B reen  e t  al 1989). This has been in te rp re te d  as being th e  re s u lt  of
d iffe rin g  m obilities o f the  a  and (3 d islocations. The a  and 13 
d islocations a re  d istinguished by the  n a tu re  of th e  co re  atom  of the  
d islocation , if  th e  glide se t convention is  adopted as is common, then
th e  Ga(g) is the  (3 type dislocation and th e  As(g) is th e  a , w here (g)
ind ica tes  glide convention. This means th a t  i t  is possib le to  find  which 
type of plane, As o r Ga in a  GaAs c ry s ta l, con ta ins th e  e x tra  h a lf
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plane. The m obility of th e  a  type d islocation, w ith  i ts  h a lf  plane on As 
p lanes, is h igher th an  th a t  of the
The d iffe r in g  m obilities a f fe c t  th e  glide velocities so th a t  i t  is
expected  th a t  one se t o f d islocations lying a t  th e  in te rse c tio n  o f the
•{111} glide p lane and th e  (001) in te rfa c e  plane (a (110) p lane) w ill be
m ore p rev a len t th an  th e  o th er (111) se t, p a rtic u la r ly  f o r  low m isfit
system s. In a  sam ple of m is f it less th an  2% (in th is  case  g lide of
d islocations to  th e  in te r f  ace is expected to  be th e  dom inant s tr a in
re la x a tio n  process) and w ith  an ep ilayer th ickness below th a t  o f th e  
People and Bean estim a te  fo r  c r i t ic a l  th ickness, th e  d islocation
asym m etry  can be 2:1 to  3:1 betw een th e  tw o orthogonal d irec tions . The 
im plication  o f th is  fo r  th e  d islocation m ultip lication  p rocess  proposed 
by .H agen  and S tru n k  (1978) is th a t  if  the  num ber of c ro ssing  po in ts o r 
d islocation  in te rsec tio n s  is lower, m ultip lication  rea c tio n s  may be 
re s tr ic te d .
This is a  b r ie f  tre a tm e n t of the  m ost common observations observed in
th ese  s tra in e d  ep itax ia l s tru c tu re s , intended to  in troduce some of th e  
fe a tu re s  o f in te re s t  in the  m icrographs p resen ted  in th e  n ex t chap ter. 
More d e ta iled  com parison w ith  the  l i te ra tu re  w ill be applied  in c h ap te r 
6 w hen re lev an t to  the  discussion o f some issues ra ise d  by TEM p ic tu re s  
o f low m is f it  ep itax ia l layers of InGaAs grow n on GaAs s u b s tra te s  by 
MBE.
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5.6 S um m ary  o f  c h a p te r
The concept o f c r it ic a l th ickness, along w ith  some of th e  problem s 
a sso c ia ted  w ith  assessing  th e  c rit ic a l th ickness experim en ta lly  w ere 
discussed. Several im portan t models fo r  th e  c r i t ic a l  th ickness  w ere
described  in d e ta il, w ith  p a rtic u la r  a tte n tio n  draw n to  tw o  s itu a tio n s; 
th a t  o f th e  c r i t ic a l  th ickness as i t  can be applied to  s u b s tra te s  having 
a  f in i te  th re a d in g  dislocation density  (M atthews and Blakeslee model);
and to  th a t  o f s tab ility  lim its fo r  g row th  on d isloca tion  f re e
su b s tra te s  (the  People and Bean approach).
An im p o rtan t po in t made w as th a t  the  People and Bean approach  is exactly  
analogous to  th e  s itua tion  w here the  p re -e x is tin g  th re a d in g  d e fec t
sources have been exhausted o r a re  inoperable. This po in t is  im p o rtan t 
in th e  ana lysis  of the  TEM re su lts  of section  6.2. F inally  th e  
observations o f d islocations in s tra in ed  layered system s w ere  d iscussed .
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6.1 In tro d u c tio n
The In Ga As on GaAs s tra in e d  layer system  has been investiga ted  by
x  1 -x
tran sm issio n  e lec tro n  m icroscopy (TEM). The s tra in e d  layer sam ples 
exam ined in th is  study  w ere grow n a t  RSRE, Malvern by MBE. They had 
nom inal com positions of x=0.1, 0.15, 0 .20 , and 0.25 and contained  layers  
w ith  th icknesses in  th e  range  5 to  3000nm.
The ch ap te r is divided in to  th re e  sections. In section  6 .3  a  p relim inary  
study  o f th e  p ro p e r tie s  of a  s tra in e d  layer super la t t ic e  (SLS) and a 
m ultip le quantum  w ell (MQW) sam ple is made in o rder to  a sse ss  th e
c r i t ic a l  th ickness o f sam ples grow n w ith  a s tra in  o f 1.4% (20% indium ). 
The layers  a re  designed to  t e s t  the  c rit ic a l th ickness model th a t  has 
been proposed by M atth ew s and B lakeslee  (1974) to  account fo r  th e
tu rn -o v e r  o f p re -e x is tin g  th read ing  dislocations from  th e  su b s tra te .
P lan view and c ro ss-sec tio n a l TEM are  used to  find  th e  position  and 
num ber o f d islocations p rese n t in these  samples.
In section  6.5, re s u lts  a re  p resen ted  from  a  se rie s  of sam ples th a t  had 
been grow n to  investiga te  a  possible second c r it ic a l th ickness. Evidence 
is provided th a t  th e re  is a  new tra n s itio n  a t  a  th ickness th a t  
corresponds to  a  th ickness p red ic ted  by the  model of P eop le  a n d  B ean  
(1985). In section  6.8, th e  dislocation in te rac tio n s  th a t  occur in an 
orthogonal a r ra y  of d islocations a re  investigated , and th e  subsequent
im plications on th e  s tr a in  re lax a tio n  in these sam ples is discussed. 
F inally  th e re  is  a  sum m ary of the  findings of th is  work.
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6.2 S am ple  d esig n
All sam ples contained a  700nm  b u ffe r  region o f GaAs m atched to  the  
s u b s tra te  befo re  th e  ep ilayers  w ere grow n in o rder to  clean up the
su rfa c e  p r io r  to  th e  m ism atch layer grow th. A capping layer o f 50nm w as 
grow n on th e  top  to  p ro te c t th e  s u rf  aces and f  o r device processing
experim ents. All sam ples w ere  grow n on w a fe rs  w ith  a  guaran teed
c
4 5 - 2th read in g  d islocation  density  in th e  10 -10 cm regim e, confirm ed by
N om arski op tica l m icroscopy of an  e tched con tro l w afer.
The tw o sam ples described  in th e  f i r s t  section contained b a r r ie r s  of 
95nm designed to  in su la te  each well from  the  s tra in  of th e  previous 
well, so th a t  com plicating e ffe c ts  o f overlapping s tra in  on th e  c r i t ic a l  
th ickness a re  avoided. The b a rr ie r s  w ere designed using d a ta  from
B a n g e rt e t  a l (1989), w here TEM of cleaved wedges w as used to  a sse ss  the  
am ount o f s tr a in  in MQW sam ples. The im portan t re su lt  w as th a t  th e  
s tr a in  extended 3 -5 t  in to  th e  b a r r ie r  w here t  w as th e  ep ilayer 
th ickness. This enabled a  reasonab le  design of b a r r ie r  to  be obtained
assum ing th a t  th e  la rg e s t value o f t  in the  c rit ic a l th ickness sam ple 
would be 22nm, and g row th  of th e  whole sample w as s ti l l  possib le in a  
re a lis t ic  tim e.
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6.3 In vestiga tion  o f d is locations and la y e r  c o n tra s t in  p lan  view  TEM
6.3.1 Sam ple ME481
Sample ME481 w as a  su p e rla ttic e  th a t  contained te n  layers  of th ickness
8nm. The com position w as nom inally 20% indium. An illu s tra tio n  o f ME481
is shown in f ig u r e  6.1. In te rfa c ia l m is f it  d islocations can be seen in
th e  p lan  view m icrograph  o f ME481 in f ig u r e  6.2. The average spacing of
these  d islocations w as about 0.5pm  by several m icrons, which is a
8 —2density  o f about 10 cm . The density  o f th read ing  d islocations w as
4 5 - 2m easured to  be 10 -  10 cm ; i t  is  th e re fo re  concluded th a t  th e re  is a
la rg e  increase  in th e  density  o f d islocations as a  re s u lt  o f th e  g row th  
o f a  s tra in e d  layer su p e rla ttice . These defec ts  th a t  have been tu rn ed  
over in to  th e  in te rfa c es , w here they  subsequently a c t to  relieve a 
po rtion  o f th e  m is f it s tra in .
To account fo r  th ese  d islocations, i t  is possible to  use th eo ries  th a t  
re la te  to  th e  genera tion  o f in te rfa c ia l d islocations. The sm allest 
c r it ic a l th ickness occurs fo r  th e  single kink model o f M a tth ew s and 
B lak eslee  (1974), re fe r re d  to  as MB1, which fo r  20% indium is -  8.5nm. 
This sam ple is close to  th is  th ickness and evidently d e flec ts  some 
th read ing  d islocations in to  th e  in te rfa c e  region.
In these  plan view im ages i t  is no t possib le to  find  the  position  o f the  
dislocations. F ig u re  6.2 shows th a t  some d islocations have in te rac ted  to  
fo rm  junctions which im plies th a t  these  of the  d islocations m ust be in 
the  sam e plane. I t is likely th a t  they  a re  p resen t in th e  low er
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Figure 6.1 Schematic diagram of sample ME481 
ten wells 80A with 20%In
F i g u r e  6 . 2  D i s l o c a t i o n s  i n  M E 4 8 1 .  E d g e  d i s l o c a t i o n  
i s  m a r k e d  a t  E .
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in te rfa c e  (su b s tra te  side) of th e  f i r s t  8nm w ell, although w ithou t a  
c ro ss-sec tio n a l view th is  is d iff ic u lt to  verify .
Another fe a tu re  o f in te re s t in these  sam ples is  th e  observation  o f bands 
o f c o n tra s t in th e  m icrographs. These w ere  assigned  to  s tep s  due to  the  
brom ine/m ethanol e tch an t used to  th in  th e  sam ples. These a re  shown in 
f ig u r e  6.3. Also noted w as the  occurrence o f a  fu r th e r  band of c o n tra s t 
th a t  could be assoc ia ted  w ith  th e  em ergence of a  w ell from  the  tap e red  
plan  view fo ils . These tw o se ts  of c o n tra s t  w ere  found to  be independant 
o f each o ther, w ith  the  s tep s  bearing  no resem blance to  the  w ells and 
providing l i t t le  in f orm ation. A possib le  geom etry  to  explain  the  
co-ex istence  o f both  step s  and w ell in a  p lan  view fo il is  illu s tra te d  
in f ig u r e  6.4. The c o n tra s t from  the  w ells w as found to  be usefu l in the  
plan view de term inations of the  d islocation  positions in th e  c r it ic a l 
th ickness sam ple described below.
6.4 E x p e r im e n ta l  d e te rm in a tio n  o f  th e  c r i t i c a l  th ic k n e s s
6.4.1 P lan  v iew  d e te rm in a tio n  o f  th e  c r i t i c a l  th ic k n e s s
A m u lti- lay e r sam ple (designated ME482) contain ing ten  layers  w as 
designed to  look fo r  th e  c rit ic a l th ickness in InGaAs/GaAs. I t  contained 
nom inally 20% indium w ells w ith no in te rm ed ia te  g raded  b u ffe r  layer, bu t 
700nm of GaAs on th e  su b s tra te . The w ells w ere  m easured  by TEM from  th e  
su b s tra te  ou tw ards to  be 5.0, 7 .0 , 8:.0 , 10.5, 12.7, 14.8, 16.5, 18.6,
20.7 and 22.0nm. A schem atic d iagram  of ME482 is shown in f ig u r e  6.5. 
Each well w as sep ara ted  by b a rr ie rs  m easured to  be 95nm, and th e  nominal
96
F i g u r e  6 . 3  S t e p  a n d  w e l l  c o n t r a s t  i n  M E 4 8 1 .
Step
InGaAs Well/Step
GaAs
Figure 6.4 Diagram to illustrate a possible geometry 
of a plan view chemically thinned foil
j
500A GaAs cap
20% InGaAs
950A GaAs barrier
20% InGaAs
220A
180A
number Thickness (nom) Thickness (measured)
1 40 50
2 60 70
3 80 85
4 100 105
5 120 127
6 140 148
7 160 165
8 180 186
9 200 207
10 220 220
Wells measured by wedge TEM (courtesy U.Bangert) 
Values quoted in A.
Figure 6.5 Schematic diagram of ME482
s tr a in  in th e  system  w as 1.4%. ME482 w as investiga ted  in itia lly  by plan 
view TEM.
F ig u re  6.6 shows th e  orthogonal a rra y  o f m is f it  d islocations as  has been 
extensively  rep o rted  befo re  (chap ter 5). These d islocations a re  widely 
assum ed to  have 60° B urgers vecto rs  i.e. th e  B urgers vecto r makes an 
angle o f 60° to  the  line d irec tion  u, and to  be o f one o f th e  types 
a/2[101] o r a/2[011]. These a re  not th e  m ost e ff ic ie n t m isfit-re liev in g  
dislocations th a t  can be f  ormed in zincblende s tru c tu re s , th e  m ost 
e ff ic ie n t being pure edge in na tu re , having b a t  90° to  u and having a 
B urgers vecto r of the  type a /2  [110]. However, below about 2% s tra in  
they  a re  form ed p re fe re n tia lly  to  pure  edge d islocations by glide along 
{111} p lanes to  th e  in te rface , thereby  reliev ing  th e  s tr a in  in th is  
region.
A f ie ld  o f d islocations a re  shown in f ig u r e  6.7(a) fo r  fo u r  d iffe re n t 
| re flec tio n s?  «,,g=220, 220, 040 and 400. Note th e  d islocation  arrow ed , 
and th e  inv isib ilities th a t  occur fo r  th e  d iffe re n t re f lec tio n s  when 
g.b=0. The types of B urgers vecto rs found in th is  m icrograph  a re  given 
in m ore d e ta il in the  d iagram  in f ig u r e  6.7(b). The a re a  analysed is 
necessarily  sm all because of th e  super-im posed  s tr a in  fie ld  of th e  
sam ple, which leads to  a  local t il tin g  aw ay from  th e  Bragg condition. In 
th is  case s, th e  deviation p a ram ete r would not be equal to  zero . For 
th is  reason  th e  in f orm ation is only re liab le  s tr ic t ly  inside a  region 
th a t  is bounded by the w idth o f the  kikuchi band in rec ip ro ca l space. If 
a  good tw o beam condition is obtained th is  corresponds to  s=0. In th is  
sm all a re a  th e re  appear to  be about equal num bers of th e  tw o d if fe re n t
97
Figure 6.6 Orthogonal arrays of dislocations in ME482
500nm
Figure 6.7(a) Field of view showing the interactions 
between 60° and edge dislocations.
1 /2  [lO l]
1/2 [101]
1 /2  | o f |
1/2 [110]1/2 joii]
1 /2  [lO l]
1 /2  [ lO l]
Figure 6.7 (b) Burgers vectors of the field of dislocations given in 
figure 6.7 (a).
60° type  d islocations, and one edge type.
P lan  view  TEM m icrographs also  reveal an asym m etry  betw een th e  tw o 
o rthogonal a rra y s , which w as discussed in c h ap te r 5 and is re la te d  to  
th e  chem ically d iffe re n t a  and £ type d islocations. The average  spacing 
m easured  in th e  tw o d irec tions w as 0.5pm  and 1.0pm, although i t  w as not 
possib le to  assign  these  tw o spacings to  the  type  of d islocation  (a o r 
£). T iltin g  th e  sam ple revealed  a  change in th e  local spacing of 
d islocations, suggesting th a t  they  w ere no t in th e  sam e plane and w ere 
d e flec ted  by th e  s tra in  contained in several of th e  layers .
F inding th e  positions of d islocations in a  p lan  view geom etry  o f th is  
sam ple w as aided by the  appearance of bands o f c o n tra s t  in th e  im ages 
such as w ere  observed in ME481. These bands w ere a t t r ib u te d  to  th e  w ells 
em erging from  th e  plan view sam ple as shown in f ig u r e  6.4, and as  a  
consequence o f d iffe re n tia l etching produced by th e  b rom ine/m ethano l 
etch ing  procedure. This well c o n tra s t w as usefu l. The sam ples a re  
backthinned so th a t  the  outerm ost well w as a t  th e  edge o f th e  sam ple 
w hen viewed in the  m icroscope. I t w as possible to  count back in to  the  
specim en to  th e  f i r s t  well, then  note the  position  a t  which the  
d islocations em erged from  the  fo il w ith  resp ec t to  th e  c o n tra s t  of the  
bands. This ind icates in which in te rfa c es  the  d islocations w ere  p resen t. 
Exam ples o f th is  a re  shown in f ig u r e  6.8.
D islocations a re  p resen t in a ll of the  fo u r in te r fa c e s  shown, these  
corresponding  to  w ells 6, 7, 8, and 9 (14.8-20.7nm ). L ayer 10 w as lo st 
during  th e  etching of a  hole in the  p rep ara tio n  s tag e  when th e  acid 
p e n e tra te d  under the  lacom ite and etched the cap and top  lay er away. The
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c r i t ic a l  th ickness detec ted  by the  plan view sam ples w as th e re fo re  in 
th e  reg ion  o f 16nm.
I t  is  possib le th a t  th e  d islocation spacings in  ME482 could be 
adequate ly  accounted fo r  by th e  num bers o f th read in g  d e fe c ts  po ten tia lly  
availab le  fo r  th e  genera tion  o f m isfit reliev ing  d islocations. D ixon  and 
G oodhew  (1990) have es tim ated  th a t  a  th read in g  d e fe c t density  o f
4 - 22.10 cm in th e  su b s tra te , if  a ll po ten tia lly  availab le  fo r  being 
d e flec ted  in to  th e  in te rfa c e  of a  layer, would provide a  d islocation  
spacing  o f 0.5pm . This could account fo r  a  la rge  num ber o f th e  observed 
d islocations.
The p lan  view m easurem ents also reveal th a t  th e  d islocation  spacings a re  
up to  ten  tim es fu r th e r  a p a r t  th an  expected, assum ing th a t  th e  c r i t ic a l  
th ickness had  been exceeded, w ith  the  spacing requ ired  to  fu lly  relieve  
th e  1.4% s tra in  being 14nm fo r  60° dislocations. This spacing  can  be 
e s tim a ted  by dividing the  size of a  B urgers vecto r o f a  60° d islocation  
by th e  s tr a in  in th e  system . The spacing of th e  edge d isloca tions 
req u ired  to  re la x  a ll th e  s tra in  is 28nm, so in th e  b es t case  w here th e  
sam ple contained a ll edge dislocations th e re  would s t i l l  rem ain  
considerab le  e la s tic  s tra in .
As th e  "well co n tras t"  w as not alw ays p resen t in p lan  view s o f th is  
sam ple, i t  w as investigated  fu rth e r . F ig u re  6.3 show s tw o  s e ts  o f 
c o n tra s t, and i t  w as not im m ediately c lea r which belonged to  th e  
em erging w ell. TEM/SEM p a irs  ( f ig u re  6.9) revealed th a t  th e  d a rk  s e t  of 
bands re su lte d  from  etch steps and so could be discounted. The w ell
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c o n tra s t  w as only noted in th e  ten  layer MQW sam ples in th is  w ork, which 
m ay be because th e  o th er sam ples subsequently investiga ted  con ta ined  a t  
m ost th re e  w ells and may be spaced too f a r  a p a r t  in a  th in  fo il to  be 
d istinguished . The c o n tra s t from  w ells in MQW’s is d iscussed  in  d e ta il 
in  G oodhew  e t  al (1989). As th is  fe a tu re  w as not common to  a ll sam ples 
i t  is no t considered  fu r th e r  in th is  work.
6 .4 .2  C ro s s -s e c tio n a l TEM d e te rm in a tio n  o f  th e  c r i t ic a l  th ic k n e s s
The s tru c tu re  w as f  u r th e r  investigated  by c ro ss-sec tio n a lly  p rep a red  
sam ples. F ig u re  6.10 shows images of ME482 obtained nearly  norm al along 
th e  [110] d irec tion . The dislocations p resen t w ere revealed  by t i l t in g  
th e  sam ple along th e  022 Kikuchi band ( f ig u re  6.11). The w ells exh ib it 
w eak c o n tra s t  and  have a  g re a te r  p ro jec ted  w idth. D islocations a re  
revealed  in th e  upper th re e  layers confirm ing the  re s u lts  o f th e  p lan  
views. I t is  a lso  observed th a t  some dislocations a re  p re se n t in  the  
th in n es t w ell, th e  4nm f i r s t  layer. Two d islocation  segm ents w ith  
b=l/2<011> a re  arrow ed  which a re  nearly  invisible because g .b=0 in th is  
re flec tio n .
The d islocations appear as sh o rt lengths of inclined segm ents. C loser
inspection  revealed  th a t  they  a re  re la te d  to  the  reg ions th a t  can  be
assigned to  in te rfa c e s  in the  m icrographs. The c o n tra s t fro m  th e  w ells 
is explained in f ig u r e  6.12 and in f ig u r e  6.13. The w ells can  be
observed as  bands of c o n tra s t th a t  a re  d a rk er th an  th e  background 
m ate ria l, which correspond to  t il te d  layers  of InGaAs. The b a r r ie r s  a re
lig h te r, being about the  same c o n tra s t as the  s u b s tra te  m a te ria l.
100
100nm
F i g u r e  6 . 1 0  C r o s s - s e c t i o n a l  m i c r o g r a p h  o f  M E 4 8 2  
o b t a i n e d  n e a r l y  n o r m a l  t o  [ 1 1 0 ] .
200nm
Figure 6.11 ME482 tilted to reveal interfacial dislocations. Two 
dislocations are arrowed th a t  are out of contrast.
Figure 6.12 ME482 slightly tilted away from [110] to reveal the 
contrast  from the wells when projected.
Dislocations
Barrier contrast
Projected 
Well ^  
Contrast"'
Barrier contrast
Figure 6.13 Diagram to explain the contrast from a tilted cross- 
section of ME4o2 (10 well multi quantum 20%InGaAs).
D islocations appear as  dark  ve rtica l lines th a t  span th e  t i l te d  InGaAs 
sheet, in th e  in te rfa c e  betw een the  well and b a rr ie r . I t  is som etim es 
possible to  see in which in te rfa c e  th e  dislocation lies using th is  
technique. I t  is  assum ed th a t  they  lie in th e  bottom  in te rfa c e  i f  they  
a r is e  from  tu rn ed  over th read ing  dislocations.
Inspection of th e  d islocation  segm ents reveals th a t  th e  d islocation  line 
s ta r t s  a t  th e  d a rk e s t band, o r em ergence of the  well from  th e  fo il, and 
s tops a t  th e  in te rsec tio n  of th e  ti l te d  well and b a rr ie r ,  th e  reg ion
w here th e  c o n tra s t changes from  dark  to  light. This is evidence f o r  th e  
d e fec t being an in te rfa c ia l dislocation w ith  the  observation  th a t  i t  is 
confined to  th e  su b s tra te  side o f the  in te rface .
I t  is observed th a t  m ost of the  d islocations a re  tu rn ed  over in th e
upperm ost th re e  lay ers  and th a t  the  d islocation a rra y s  a r is e  fro m  th e  
tu rn in g  over o f su b s tra te  th read ing  dislocations in to  th e  low er
in te rfa c e s  o f th e  w ells (GaAs to  InGaAs). I t  is also noted  th a t  some
th read in g  d islocations w ere p resen t in layers  of low er s tr a in  co n ten t 
th an  p red ic ted  by any o f the  models available fo r  ca lcu la tin g  th e  
c r i t ic a l  th ickness. G o u rley  e t  al (1986) have explained why th is  m ight 
occur by saying th a t  layers  th a t  a re  la ttic e  m atched, bu t e la s tic a lly
d iss im ila r should s ti l l  impede the  th read ing  action of d islocations. The 
d islocation  can m ore easily  th re a d  through the  more com pliant lay e r, bu t 
experiences a  g re a te r  deflection  in th e  " s tif f  e r  layer". In th e  case  
w here m is f it d islocations have been observed in th e  th in n e s t w ell, i t  is 
p robable th a t  4nm of 20% indium containing GaAs has a  su ff ic ie n tly  
d iffe re n t shear modulus to  cause a deflection  of d islocations aw ay fro m
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th e  g row th  d irection . This is even possible fo r  la t t ic e  m atched 
m a te ria ls  and has been noted in GaAs/AlGaAs by K uesters e t  a l (1989).
The c r i t ic a l  th ickness o f th is  sam ple is decided as th e  th ickness of 
layer th a t  f i r s t  d e flec ts  a  s ig n ifican t num ber of th read ing  d e fec ts  out 
of th e  TEM fo il. This is  found to  be about 16nm. In th is  case  h is
c
su p e r-c r itic a l fo r  th e  case  o f tu rn -o v e r  of a  th read ing  d islocation  in to  
the  in te rfa c e  as  ca lcu la ted  by M atthew s (1975), and re fe r re d  to  
previously as  MB1. This is  known as  the  single kink model (see C h a p te r  
5, f ig u r e  5.2) and th e  c r it ic a l th ickness using th is  c r ite r io n  is  ^ 
8.5nm.
However, th e  s tru c tu re  o f sam ple ME482 resem bles th a t  of a  su p e rla ttic e  
film , and ad jacen t layers  have opposite s tra in s  in th is  case  because of
th e  GaAs b a rr ie r s . A th read in g  d e fec t not expelled from  th e  sam ple can
in p rincip le  weave back and fo r th  betw een the  layers and be pulled out 
into a  ha lf-loop . This has been described by M atth ew s and B lak eslee  
(1974), and is  called  th e  double kink model ( c h a p te r  5, f ig u r e  5.1), 
which we w ill call MB2. The c r it ic a l th ickness using th is  c r ite r io n  is  -  
44nm. The m easured c r it ic a l th ickness th e re fo re  appears to  be som ew here 
in betw een these  tw o fig u res  i.e. MBl<h <MB2.
c
The c r it ic a l th ickness p red ic ted  by Peop le  and Bean (1985 eqn9b) fo r  
th is  s tr a in  is ^  60nm, which is ca lcu la ted  by com paring th e  energy o f 
th e  in te rfa c e  w ith  and w ithout a  single iso lated  screw  d islocation  (see
c h ap te r 5). This model is no t considered ap p ro p ria te  here , as  th e  
ep ilayers a re  too th in  and unlikely to  contain su ff ic ie n t energy fo r
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th is  m echanism  to  occur.
The n e a re s t value of the  c r i t ic a l  th ickness to  th a t  observed can be 
p red ic ted  the  equations derived by M iles and M cGill (1989), basing  th e ir  
calcu la tion  on a  m ore so p h is tica ted  single kink m echanical equilibrium  
model th a t  tak es  in to  account th e  energy associa ted  w ith  th e  genera tion  
of an in te rfa c ia l m is f it d islocation  from  a p re -e x is tin g  60° su b s tra te  
th read ing  defec t. The c r i t ic a l  th ickness using th is  model is found to  be 
18nm, which ap p ears  to  o f fe r  b e tte r  agreem ent to  the  da ta .
Double kinks d islocation  geom etries have been observed in a
c ro ss-sec tio n a l view of ME482. In f ig u r e  6.14 the  d islocation  m arked K 
th re a d s  i ts  way up betw een lay ers  7, 8 and 9. The d islocation  is assum ed 
to  be th read in g  up because th e  orig in  of the  d islocation is  though t to  
be th e  su b s tra te , and not th e  su rface . Using the  previous d iscussion o f 
the  p ro jec ted  layers  in c ro ss -se c tio n  to  understand  the  d islocation , the  
loop is inclined un til th e  n ex t in te r f  ace w here i t  becomes an
in te rfa c ia l d islocation  fo r  about 0.2pm . It then  appears to  lie in th e
opposite d irec tion , perhaps because o f an in te rac tio n  w ith  o th e r
1
dislocations, then  continues th read in g  in to  the  nex t layer. A nother loop 
can be seen in f ig u r e  6.15. The d islocation  m arked M is inclined fro m  a 
layer in to  th e  one above, w here i t  becomes a  m is f it d islocation  segm ent.
F ea tu res  th a t  have been assigned to  a r te fa c ts  a re  also  p re se n t in 
c ro ss-sec tio n s  o f ME482. In f ig u r e s  6.15 and 6.16, loops a re  seen to  
ex tend  from  the  bottom  well in to  th e  su b s tra te . Loops a re  no t expected  
in th e  th in n es t w ells nor indeed any of th e  w ells and in any case  m ight
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Figure 6.14 Inclined dislocation segment (K) in ME482. Both the 
orthogonal directions of the dislocations are revealed.
200nm
Figure 6.16 Loops seen in the th innes t  and upper layers in 
ME482.
be expected  to  o rig ina te  from  th e  su rface , as  a  re s u lt  o f some su rfa c e  
loop genera tion  mechanism. The sam ple dim ensions o f a  c ro ss -se c tio n  a re  
such th a t  th e  fo il th rough  which th e  beam p e n e tra te s  w ith  useful 
b rig h tn ess  is only of th e  o rd er o f a  few  ten s  o f nanom eters, and as the  
loop is  m ost probably inclined to  th e  fo il on a  <111> type o f plane, i t  
would be ex trem ely  unlikely to  see both  ends. The m ost likely 
in te rp re ta tio n  is th a t  these  loops a re  in te r f  ac ia l d islocations th a t  
have elongated under th e  ac tion  o f th e  beam, having gained energy to  do 
so from  local heating  by th e  e lec tro n  beam.
In te rp re ta tio n  of these  a r te fa c tu a l  loops proved to  be im portan t when 
analysing th e  loops seen in f ig u r e  6.16. These appear to  descend fro m  
th e  upper layers  to  low er layers, w here they  can be seen to  be lying in 
th e  in te rfa c e  (see arrow ed  N). These w ere in te rp re te d  as  a r te f  a c tu a l bu t 
nevertheless provide a  usefu l insight to  the  m echanism  th a t  has been 
widely used to  account fo r  th e  glide o f d islocations in {111} p lanes to  
th e  s tra in e d  in te rfa c e  of ep ilayers.
6 .4 .3  Sum m ary
An in itia l investigation  w as made of tw o m ultiple quantum  well sam ples 
w ith  a  view to  determ ining the  c r it ic a l th ickness o f InGaAs/GaAs grow n 
w ith  a  nom inal 1.4% s tra in . The c r i t ic a l  th ickness w as found by plan  
view and c ro ss-sec tio n  TEM to  be about 16nm, which ag rees  w ith  th e  
single kink m echanical equilibrium  model proposed by Miles and McGill, 
bu t is la rg e r  than  the  com parable model o f M atthews and Blakeslee.
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Sample ME482 contained m ainly 60° d islocations w ith  average spacings of 
0 .2pm  and 0.4pm , th e  tw o values quoted because o f a  m arked asym m etry in 
th e  d islocation  conten t. The c rit ic a l th ickness m easurem ents w ere aided 
in  p lan  view sam ples by th e  appearance o f bands o f c o n tra s t a ris in g  from  
th e  em ergence o f the  w ells from  th e  ta p e re d  fo il. C ross-sec tions 
revealed  th a t  a  few  of th e  d islocations lay in th e  th in n e s t w ell (4nm), 
w ith  th e  m ajo rity  lay in layers  7, 8, 9 and 10. P lan  view and
c ro ss -se c tio n  TEM complim ented well in th is  study providing good 
agreem ent o f th e  position  of th e  d islocations.
6.5 E x p e r im e n ta l  ev idence  f o r  a  second  c r i t i c a l  th ic k n e s s  -  P la n  
v iew  TEM
6.5.1 In tro d u c tio n
A se rie s  o f sam ples in the  In Gaj As on GaAs system  w ith  various values 
of s tr a in  and th ickness w ere grow n by MBE and exam ined by TEM to  
investiga te  th e  re lax a tio n  of these  s tru c tu re s . This w as achieved by 
using plan view TEM to  m easure the  d islocation  spacings. C ross-sec tion  
TEM w as used to  locate  the  defec ts , and to  com pare th ese  s tru c tu re s  w ith  
th eo re tic a l p red ic tions of the  c r it ic a l th ickness (h ) e s tab lished  in
c
th e  l i te ra tu re . The models used to  analyse th e  d a ta  w ere  described  in 
d e ta il in ch ap te r 5.
T ab le  II gives th e  re su lts  fo r  fo u r d if fe re n t values o f m isfit, 0.7% to  
1.75%, and several epilayer th icknesses. The d islocation  spacings w ere 
m easured in p lan view using g=220 and g=220 to  tak e  account of th e  f a c t
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th a t  some dislocations w ill be invisible if  they  a re  edge type. The 
re s u l ts  (given in columns 9 and 10) of th e  d islocation  spacing m easured 
in  th e  tw o orthogonal <110> d irec tions a re  p resen ted . The tw o <110> 
d irec tio n s  a re  shown because th e re  is o ften  an asym m etry  in the  
spacings. The l i te ra tu re  suggested  th a t  th e  c lo ser spaced d islocations 
a re  th e  a  type core which a re  found to  be aligned p a ra lle l to  th e  [110] 
d irec tion , w hereas th e  £ type p ropagate  m ore slow ly and a re  found in the  
tllo] d irection .
Also shown a re  the  c rit ic a l th icknesses p red ic ted  fo r  th ese  s tru c tu re s
using fo u r applicable models available in th e  l i te ra tu re . In th e  fin a l 
columns, the  ca lcu la ted  equilibrium  dislocation spacings a re  lis ted  fo r  
each s tru c tu re  fo r  both 60° and pure edge d islocations. These a re  used 
to  give an indication of the  amount of re la x a tio n  th a t  has occurred  
p la s tica lly  via d islocation  generation; e.g. in sam ple #4, th e  spacing 
is very  large  com pared to  th a t  ca lcu la ted  fo r  e ith e r  pu re  edge o r 60°, 
so th a t  we can assum e th a t  th is  sam ple is s ti l l  s tra in e d  e las tica lly .
The p a ram ete rs  we have u tilized  in th e  ca lcu la tions o f th e  c r it ic a l
th ickness a re  based on a  square  a rra y  of d islocations o f B urgers vecto r 
60°, and grow th  on a [001] face. The d islocation  core  p a ra m e te r  is 4,
th is  being a p p ro p ria te  to  a  sem iconductor. MB1 is th e  c r i t ic a l  th ickness
ca lcu la ted  from  M atthew s and B lakeslee  (1974) equation  5, and m odified 
by a  fa c to r  o f 4 in the  denom inator to  com pensate fo r  th e  d islocations 
th a t  bend over in response to  a  su rface  ep ilayer. MB2 uses th e  sam e 
equation  as above, bu t w ithout th e  fa c to r  of 4 so th a t  i t  app lies to  th e  
o rig inal model of a  d islocation half-loop  in a  buried  ep ilayer. MB2
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re q u ire s  m ore energy than  MB1 because th e re  a re  m ore in te r f  aces th a t  
sh a re  th e  s tr a in  in the  sam ple, and tw ice  as much line leng th  produced 
p e r  u n it a re a  o f s tru c tu re . MM is th e  s ta b ility  lim it re p o r te d  in M iles 
and M cGill (1989) and PB is the  c r it ic a l th ickness ca lcu la ted  by P eop le
and  B ean (1985) equation 9b. C ritica l th ickness versus s tr a in  curves a re
shown f o r  MB2 and PB in f ig u r e  6.17.
The sam ples w ere  designed to  be su b -c r itic a l and s u p e r-c r i t ic a l  to  these  
m odels, in o rd e r to  te s t  the  hypothesis th a t  when a ll th e  d islocations
have been tu rn ed  over a  new c ritic a l th ickness m ust be exceeded to  
fu r th e r  re la x  th e  s tru c tu re . The hypothesis w ill be com pared w ith  tw o 
m odels th a t  could describe th is  situa tion . The M atthew s and Blakeslee 
e s tim a te  fo r  th e  c rit ic a l th ickness w as based on th e  model o f th e  
p re -e x is tin g  dislocations being the  source of th e  observed d islocations 
in th e  in te r f  ace. The People and Bean model describes th e  s itu a tio n  
w here new d efec ts  a re  genera ted  in a  d islocation  f re e  environm ent. When 
a ll th e  th read in g  sources have been sa tu ra te d  i t  is  possib le th a t  th e  PB 
model m ay become operative. For th is  reason  th e  ep ilayer th icknesses of 
in te re s t  in th is  work w ere MB<h<PB, and lay ers  w ith  h>PB. I t  is
im p o rtan t to  note th a t  th is  hypothesis b reaks down a t  th e  c ro ss-o v er
po in t o f th e  tw o curves in f ig u r e  6.17, which occurs fo r  a  m is f it  of 
2.25%. The la rg e s t value of m isfit used here  is 1.75%. Above 2% m is f it
th e  d islocation  genera tion  mechanism changes from  a  2-D to  3-D  regim e 
and th e  g lide o f dislocations is not considered th e  dom inant m echanism
of d islocation  fo rm ation  (Chang e t  al 1989).
I t  is in te re s tin g  to  consider the  num ber of d islocations th a t  could in
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Figure 6.17 Critical thickness versus strain curves for the models of 
People and Bean and Matthews and Blakeslee (dislocation 
halr- loop in a layer -  MBS in table II).
princ ip le  a r is e  solely from  p re -ex is tin g  d e fec ts  in th e  w a fe r. T his w ill 
provide a  rough guide to  which sam ples m ight be expected  to  con ta in  new 
dislocations. The sam ples a re  then  exam ined to  determ ine if  th e re  is  any 
s ig n if ic a n t increase  in the  dislocation density , and e s ta b lish  w hether
th is  is  a  s te p  function  o r a  linearly  varying function.
The s u b s tra te  w af e r  dislocation density  has been m easured  a s  lying
4 5 - 2betw een 2.10 to  2.10 line d efec ts  cm by P Kidd using th e  A/B e tch ing
technique described  by S t i r  la n d  an d  S tra u g h a n  (1973). I f  a ll th ese
th re a d in g  d islocations a re  in princip le  availab le  as  in te r f  ac ia l
2 5 4dislocations th en  a  20cm w afe r has 4.10 sources (assum ing th e  2.10
-2lines cm case). We also know th a t  a  d islocation  can have a  line
d irec tio n  o f e ith e r  [110] o r [110], w ith  an equal chance o f which 
d irec tion  is chosen to  e x it the  c ry s ta l. Hence th e re  is a  l in e a r  density
of (l/2 )* (l/2 )* (4 .1 0 5)/5cm , or approxim ately  2.104cm \  This gives an 
average  spacing  o f 500nm.
Spacings sm alle r th an  th is  could in princip le  a r ise  from  th e  inclusion 
of fre sh ly  nuclea ted  defects. However, th is  spacing re p re se n ts  an  upper 
bound, and a  w a fe r  defec t density  of 2.105cm 1 gives a  lin e a r  spacing  of 
50nm, which alm ost adequately describes a ll th e  observed a r ra y s  excep t 
those  from  sam ple #14 and #15 as a ris in g  from  th read in g  d e fe c ts . The 
assum ptions used when converting from  an a re a l to  a  lin e a r  density  do 
no t account fo r  e ith e r  the  e ffe c t of d islocation  in te ra c tio n s  on th e  
length  o f d islocation  segm ents. However, the  es tim a te  is only used  a s  a  
rough guide to  th e  d islocation densities expected in th e  s tru c tu re s , and 
should not obscure  the  sharp  increases in the  d islocation  d en s itie s  th a t
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occur in th e  10 and 20% indium sam ples, described  below.
6.5 .2  In  Ga A s/G aA s (0.7% s tr a in )
0.1 0 .9
T here is  very  l i t t le  change in the  dislocation spacing o f th e  10% indium 
sam ples up to  lOOnm, bu t a  decrease in th e  asym m etry o f th e  d islocations 
is  observed (see T ab le  II columns 8 and 9). However, w hen a  th ick  
(3000nm) overlayer is grow n th e  d islocations a re  up to  e igh t tim es m ore 
closely spaced, suggesting  th a t  new dislocations have been in troduced , 
which a re  no t a  re s u lt  of the  tu rn -o v e r  of th read in g  d islocations such 
as  had been described  in the  previous section. This occurs a s  fo llow s; a  
th ick  lay er (10PB) increased  the  num ber of d islocations s ig n ifican tly  
while a  lay e r  grow n betw een MB2 and PB (lOOnm) did no t s ig n ifican tly  
increase  th e  num ber o f dislocations. This is in fe rre d  fro m  th e  th re a d in g  
de fec t source density  calcu lation  described above.
This is evidence th a t  a  layer m ust be in excess o f th e  PB th ickness  in 
o rd e r to  g e n e ra te  new dislocations. This ’second th re sh o ld ’ obviously 
cannot be loca ted  m ore accu ra te ly  un til fu r th e r  sam ples a re  ob tained  in 
th is  regim e.
6.5.3 In  Ga As/G aA s (1.05% s tr a in )
0.15 0 .85
In th e  15% indium  com position tw o sam ples w ere grow n, th e  f i r s t  being in 
the  reg ion  MBl<h<MB2 a t  40nm (#4), and a  70nm layer MB2<h<PB (#5). The 
spacing is  0.5-1. Opm fo r  the  40nm layer, and about h a lf  th is  f o r  th e  
70nm layer. The asym m etry in the  dislocation spacing is  much reduced  in
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th e  70nm layer. The 70nm layer may have enough energy to  pull ou t loops 
and increase  th e  am ount of d islocation line, as i t  is in excess o f MB2, 
bu t i t  is  s t i l l  below PB and should not be able to  g en e ra te  new
dislocations.
The d islocation  density  o f sam ple #4 can be accounted f  o r by the
tu rn -o v e r  o f p re -e x is tin g  defec ts , while if  we use th e  upper bound
estim ated  spacing o f 500nm  fo r  th read ing  dislocations sam ple #5 may have 
genera ted  some new dislocations. No th resho ld  is evident as  n e ith e r
sam ple is in excess of th e  PB th ickness (120nm) a t  th is  s tra in .
6.5.4 In Ga As/GaAs (1.4% stra in )
0.2 0.8
Samples #6 to  #15 w ere  grow n w ith  a  nominal com position of 20% indium. 
They ranged  in th ickness from  lOnm to  3000nm, and w ere single ep ilayers , 
w ith  th e  exception  o f #7 and #9, which w ere designed to  investiga te  th e  
re la x a tio n  o f th ese  sam ples as a  function  of th ickness. The sign ificance  
of #7 and #9 m ulti-quan tum  well type s tru c tu re s  is discussed la te r .
D islocations w ere found in a ll TEM specim ens which suggests th a t  a  f i r s t  
c rit ic a l th ickness has been exceeded, probably in th e  v icin ity  o f MB1 
(8nm). All th ese  specim ens contain ep ilayers whose th ickness is  in 
excess of MB1. Investiga ting  the  th icker layers  up to  50nm, th e re  is  a  
s ligh t decrease  in th e  dislocation spacings in the  tw o orthogonal 
d irec tions, f o r  exam ple com pare sample #6 w ith  #7.
In th is  th ickness regim e (i.e. not much th icker than  th e  f i r s t  c r i t ic a l
1 1 0
th ickness) the  asym m etry in the  a//3 dislocations is approxim ately  1:2 
respectively , although in some cases can be much g re a te r  th an  th is . An 
exam ple occurs in #8, which is quoted in th e  tab le  as 160nm fo r  th e  
[110] and »1000nm  in th e  [110]. This assignm ent of d islocation  type  is 
in fe rre d  fro m  com parison w ith  th e  l i te ra tu re  r a th e r  th an  by d ire c t 
determ ination . The »  sign is  used to  ind icate th a t  in th e  TEM fo il 
exam ined only one d islocation  lying p a ra lle l to  [llo] w as noted  in th e  
a re a  investiga ted , which is re la tiv e ly  large  in th e  p lan view geom etry. 
This sam ple is  a lso  no t co n sis ten t w ith  the  d a ta  obtained fro m  sam ple 
#6, which contained d islocations in both orthogonal d irec tions , and 
m ight be expected  to  exh ib it th is  phenomena to  a  g re a te r  o r com parable 
degree. This observation  rem ains unexplained a t  th is  tim e.
I t  is w o rth  considering b rie fly  here  why i t  is th a t  the  d islocations 
should align them selves along one of the  tw o perpend icu lar d irec tio n s  
p re fe ren tia lly . T here a re  fo u r  possible B urgers vecto rs availab le  to  60° 
d islocations, tw o of which a re  re la te d  to  the  a  type core  atom , and 
which glide to  th e  [001] in te rfa c e  easily  along {111} planes, w here  they  
in te rse c t th e  in te rfa c e  to  lie in a  [110] d irection . The tw o availab le  
B urgers vec to rs  alw ays re s u lt  in the  same [110] line d irec tion , and th e  
opera tion  o f reg en e ra tiv e  sources (e.g. F rank Read loops, H agen-S trunk  
d islocation  m ultip lication) such as has been used to  account fo r  th e  
nucleation o f th ese  d islocations would explain th e  f a c t  th a t  many of th e  
d islocations in th e  sam e line d irec tion  have the  sam e B urgers vec to r, as 
they  w ill glide along s im ila r {111} planes. This can be in fe r re d  fro m  
th e  c o n tra s t in th e  d islocations th a t  neighbour each o th er, which is 
very s im ila r (see f ig u r e s  6.2  and 6.6). The d iffe re n t g lide velocities
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can also  account fo r  th is  grouping o f s im ila r B urgers vec to rs  from  
th read ing  d efec ts  in th e  sam e way as su rfa c e  nucleated  defec ts . These 
d islocations w ill glide along th e  low est energy rou te , which m ust be 
th a t  which contains th e  h ighest d islocation  velocity  (a  type core).
A sharp  decrease in both  th e  d islocation  spacing and th e  am ount of 
asym m etry occurs betw een 50 and 70nm (#10 and #11 respectively ). This 
suggests th a t  a  second c r i t ic a l  th resho ld  is  exceeded in excellen t 
agreem ent w ith  th e  PB model (column 7, 60nm). The asym m etry has
disappeared. The evidence is th e re f  o re  th a t  the  d islocation  density  
changes from  a  lin ea r g rad ing  to  a  s tep  function  a t  th is  point.
The d ram atic  increase  in d islocation  density  is i llu s tra te d  in f ig u r e  
6.18(a) and (b), which show a  50nm layer and a  70nm layer respectively . 
As the  th ickness becomes much g re a te r  th an  th e  PB th ickness (#13, #14, 
#15), the  d islocation  spacing slowly approaches the  re lax ed  spacing fo r
th e  edge d islocations, which is  tab u la ted  in column 10 (28nm). Sample
v
#15, the  3000nm  th ick  overlayer is a t  th e  equilibrium  spacing fo r  th e  
edge type d islocations, and is assum ed to  be re lax ed  because th e  
d islocations observed w ere a ll o f th e  edge type, found by g .b  analysis 
(see f ig u r e  6.19).
Indeed, a ll sam ples w ith  ep ilayers th ick er th an  20nm contain  some edge 
d islocations, w ith  th is  f ra c tio n  o f th e  to ta l  increasing  in th e  lay ers  
in excess of th e  PB th ickness. The change in d islocation  type fro m  60° 
to  edge has been suggested  by C hang e t  a l (1989) to  be a  re s u lt  o f th e  
change in th e  g row th  mode from  2-dim ensional to  3-dim ensional island
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Figure 6.18 Dramatic increase in dislocation density for 20% InGaAs 
on GaAs for a thickness of a) 50nm and b) 70nm.
Note the People and Bean critical thickness occurs a t  60nm.
Figure 6.19 3000nm 20%InGaAs plan view image. Burgers vector 
analysis reveals the dislocations to be eage type.
grow th , which is usually  thought to  occur when grow ing above about 2% 
m isfit. The m echanism  is a  re s u lt  of sess ile  edge d islocations being 
form ed when th e  islands coalesce.
In th is  case  th e re  is  evidence th a t  th e  change to  pu re  edge d islocations 
is  th ickness dependant, a t  le a s t below 2% m isfit, and th a t  th e  change is 
g radua l in th is  case. This m ust be because th e  g row th  regim e is  s ti l l  
2-dim ensional, and th a t  th e  edge d islocations fo rm  w ith  reac tio n s  of 
su itab ly  o rien ta ted  60° d islocations as  m ore s tr a in  energy is supplied 
to  th e  ep ilayer during g row th  of a  very th ick  overlayer such as sam ple 
#15.
Sample #9 (40nm) is also  o f in te re s t, as  i t  has a  h igher d islocation  
density  th an  #10 (50nm). The m ost likely exp lanation  fo r  th is  is  the  
f a c t  th a t  #9 is a  m ultip le quantum  w ell sam ple th a t  contains th re e  
layers , lOnm, 30nm and 40nm, se p a ra te d  by lOOnm b a rr ie rs . The s tra in  
would be expected to  be h igher in th is  sam ple th an  th a t  of a  single 
su rfa c e  layer. I t  is im p o rtan t to  rea lise  th a t  SQW’s and MQW’s behave 
d iffe ren tly , and i t  is no t p ruden t to  com pare su rfa c e  lay ers  w ith  buried  
layers. This sam ple is investiga ted  in m ore de ta il in section  6.7, w here 
XTEM is used to  investiga te  th e  position  o f th e  defec ts .
The 50nm layer has been exam ined by DCXRD (P Kidd), and th is  revea ls  the  
sam ple to  be about 15-20% relaxed . This com pares quite  well w ith  the  
d islocation  spacing of th is  sam ple, which is about 20% of the  
equilibrium  spacing fo r  edge d islocations (28nm), o r 10% of th e  60° 
equilibrium  spacing.
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In sum m ary, th e  1.4% m isfit se rie s  of sam ples a t  a  range  of th icknesses 
revealed  th a t  a  f i r s t  c r it ic a l th ickness has been exceeded som ewhere
n e a r MB1 (8nm), and th a t  a  second c r it ic a l th ickness occurs n ea r to  the  
PB th ickness of 60nm, w here th e  d islocation  density  increases 
s ign ifican tly , and th e  d islocation  asym m etry d isappears.
6.5.5 In Ga As/GaAs (1.75% stra in )
0 .25  0 .75
Two 25% indium sam ples w ere grow n to  contain  w ells th a t  w ere below MB1, 
MBl<h<MB2, and a t  PB. The 20nm layer in sam ple #16 had a  much la rg e r  
spacing th an  any o f th e  o th er sam ples m easured. I t  is th e re fo re  s ti l l
s tra in ed . Sample #17 contained a  single layer a t  th e  PB th ickness
(35nm), and contains a  spacing about fo u r  tim es g re a te r  th an  the
equilibrium  spacing. The asym m etry is again  m arkedly reduced. The sam ple 
has probably genera ted  some new dislocations, bu t is no t su ffic ien tly  in 
excess of th e  PB th ickness to  s ign ifican tly  increase  th e  re lax a tio n .
6.5.6 D iscussion  o f  Plan v iew  TEM re su lts
All sam ples contain  d islocations so i t  can be assum ed th a t  a ll the
ep ilayers a re  su p e rc ritica l by MB1, th e  sm allest c r i t ic a l  th ickness. The
presence o f these  d islocations can be accounted fo r  by assum ing th a t
they  re s u lt  from  the  tu rn -o v e r o f th read in g  d islocations. The th ickness 
tra n s itio n  p red ic ted  by MB2 is the  re s u lt  of m odif ying th e  o rig inal 
M atthew s and Blakeslee equation to  allow  fo r  th e  sha ring  of s tr a in  by
m ore th an  one in te rface . This is applicable to  a ll th e  sam ples exam ined 
he re  as  they  a re  capped (except the  3000nm  sam ples #3 and #15). I t  is
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th e re fo re  expected th a t  these  sam ples ’re la x ’ via th re a d in g  d e fec ts  in 
th e  MB1 to  MB2 regim e. Considering th e  re su lts  from  th e  te n  w ell sample 
in  section  6.4, the  re lax a tio n  occurred  n e a re s t to  th e  th ickness 
p red ic ted  by Miles and McGill (MM), which is shown in T a b le  II. MM is
betw een  MB1 and MB2, which could suggest th a t  th e  f i r s t  c rit ic a l
th ickness occurs near th is  th ickness in each sam ple. As a ll these  
sam ples contain  th icker ep ilayers th an  th e  minimum c r i t ic a l  th ickness, 
th e  observation  of d islocations in these  s tru c tu re s  is  su p p o rt fo r  the  
’f i r s t ’ c r i t ic a l  th ickness which a rise s  because th e  s u b s tra te s  have a
f in i te  d islocation  content.
The sam ples containing th icker ep ilayers do not ap p ear to  exh ib it a
s ig n ifican t response to  the  c r it ic a l th ickness model MB2. The linear 
in creases  in the  dislocation density  a re  m ore likely to  be th e  response 
to  increasing  s tra in  energy w ith  th ickness u n til th e  th read in g  d efec t 
sou rces a re  exhausted. In th is  regim e m ore d islocations a re  probably
g en e ra ted  by dislocation m ultip lication  m echanism s. U nfo rtuna te ly  the 
H agen-Strunk mechanism has not been noted in these  sam ples bu t has been 
re p o rte d  in the  l i te ra tu re  (see review  of l i te ra tu re  in c h a p te r  5). The
den sitie s  observed may well re su lt  purely  from  th read in g  d e fec ts , as  the  
es tim a ted  th resho ld  (500nm to  50nm) is very broad . I t is  d iff ic u lt  to  
sensibly  conclude anything about th is  regim e of layer th icknesses.
As ep ilayers  exceed the  PB th ickness, which has been used a s  an es tim a te  
of when su ffic ien t energy is available fo r  th e  g en era tio n  of new
dislocations via su rface  loops, a  ’second th re sh o ld ’ occurs. This is
b e s t iden tified  in the  10% and 20% type sam ples, sim ply because a  wide
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ran g e  o f sam ples a re  investigated . The 20% sam ples provide th e  m ost 
in fo rm ation  and th e  second c r it ic a l th ickness is e s tim a ted  to  occur a t
abou t 70nm, W ithin the  experim ental e rro rs  of both th e  m easurem ent
techn ique and th e  c r it ic a l th ickness th is  model o f fe rs  good agreem ent.
I t  is  a lso  in te re s tin g  th a t  in the  10% sam ple a  layer 10PB in th ickness 
s t i l l  does n o t con tain  enough d efec ts  to  fu lly  re la x  th e  s tru c tu re  
accord ing  to  th e  calcu lation  o f th e  equilibrium  d islocation  spacing. The 
20% 3000nm  sam ple is 50PB th ick  which m ight explain  why i t  con tains 
d isloca tions a t  the  equilibrium  spacing (22nm), w hereas th e  10% 
com parable sam ple does not. I t  is assum ed th a t  th e  equilibrium  spacing 
ac tu a lly  corresponds to  a  to ta lly  re laxed  s tru c tu re , w hich m ight be 
checked w ith  o th e r assessm ent techniques such as DCXRD o r RBS. A TEM 
sam ple n ecessarily  only exam ines an ex trem ely  sm all a re a  com pared to
th ese  ’bulk’ m ethods. I t  may be th a t  th e  sam ple #15 is no t ac tu a lly
fu lly  re laxed .
O ther w orkers (T uppen e t  al 1989 and B reen  e t  al 1989) have rep o rted  
th a t  res id u a l s tra in  can be p resen t in very th ick  lay ers  (e .g .lpm  and
m ore). One suggestion is th a t  i t  re su lts  from  th e  la rg e  am ounts of 
d islocation  line energy being p resen t, which m ust be balanced  ag a in s t 
th e  e la s tic  s tr a in  energy of the  epilayer. However, an o th e r exp lanation
m ight be th a t  no t a ll the  dislocations a re  o f th e  r ig h t type  to  re lieve  
m is fit, which usually  fo r  energetic  reasons they  a re  assum ed to  be. This 
idea is  exam ined in m ore deta il in section 6.8.
I t is in te re s tin g  to  consider why th e re  is such good ag reem en t w ith  the
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People and Bean model. I t  may be th a t  in sam ples w ith  ep ilayers  of 
th ickness less  th an  PB, the  orig inal su b s tra te  d e fec ts  only re lieve  a 
sm all p ro p o rtio n  o f th e  s tra in  when they  a re  tu rned  in to  th e  in te rfa c e . 
We can  e s tim a te  th e  am ount of re lax a tio n  by the  ra t io  o f th e  re lax ed  to  
observed d islocation  spacing, so in some cases (such as  sam ple #5) th e  
re la x a tio n  is  only one about ten th  of th a t  requ ired  to  fu lly  re la x  th e  
sam ple. I t  is  assum ed the  equilibrium  spacing re p re se n ts  fu ll  
re la x a tio n . If  th e  su b s tra te  defec ts  w ere m ore e ff ic ie n t a t  rem oving the  
s tra in , we m ight expect to  have to  grow  a th icker lay e r f o r  th e  PB 
th ickness to  be exceeded. However, as th e  am ount of re la x a tio n  is sm all 
and th e  d islocations a re  not of th e  m ost e ff ic ie n t m is f it  re liev ing  
type, i t  is  perhaps not su rp rising  th a t  su b s tra te s  d e fec ts  have l i t t le  
e ffe c t  on th e  su rfa c e  loop generation  c r ite r ia .
Finally  i t  has to  be rem em bered th a t  the  plan view m easurem ents a lso  
make assum ptions about the  position of the  m ajo rity  of th e  d islocations, 
th a t  is, in th e  bottom  in te rfa c e  of the  th ick es t w ell. This is  a  
reasonab le  assum ption, due to  the  observations made by c ro ss -se c tio n a l 
TEM, th e  r e s u lts  th a t  w ill be described in the  nex t p a rag rap h s. However, 
in one case  a  m ultip le quantum  well type s tru c tu re  did no t behave as 
expected  (sam ple #9), which led to  a fu r th e r  considera tion  being 
in troduced  to  th e  design of sam ples fo r  c rit ic a l th ickness evaluation . 
This is d iscussed  in section  6.7.
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6.6 C ro ss -se c tio n  TEM o f  GalnA s/G aA s
6.6.1 Ga In  As/GaAs
0 .9  0.1
F ig u re  6 .20 shows a  c ro ss-sec tio n  TEM image of sam ple #2, a  lOOnm 10% 
indium ep ilayer on a  GaAs su b s tra te . The dislocations a re  observed to  be 
confined to  th e  bottom  in te rfa c e  of the  InGaAs/ GaAs junction . The 
d islocation  a rrow ed  has a  ta i l  th a t  o rig ina tes from  th e  su b s tra te , and 
then  ap p ears  to  lie in the  in te rface , which is evidence f o r  th e  
tu rn -o v e r  o f th read in g  d efec ts  in th is  sample. The sam ple is  above th e  
c r i t ic a l  th ickness f  o r the  tu rn -o v e r  of th read in g  d islocations, 
ca lcu la ted  fro m  M atthew s and Blakeslee (MBl-18nm), b u t below th e  
c r it ic a l th ickness as  p red ic ted  by People and Bean (PB-300nm). F o r th is  
reason  i t  is no t expected th a t  the  dislocations have occu rred  fro m  a  
su rfa c e  nucleation  process.
6 .6 .2  In  Ga As/G aA s
0.2 0.8
C ross-sec tiona l TEM m icrographs w ere obtained f  o r th e  20% indium
com position as  a  function  of th ickness. Images a re  shown fro m  th e  200nm ,
400nm and 3000nm  layers  in f ig u r e s  6.21, 6.22 and 6.23 respec tive ly . The
dislocations appear to  be confined to  the  in te rfa c e  region, and w ith  no
d efec ts  in th e  layer un til th e  th ickness approaches 50PB (3pm), see in
f ig u r e  6.23. In th is  sam ple (#15) dislocations a re  observed in th e
epilayer, p a ra lle l to  both [001] and {111} planes. D islocations o f th is
n a tu re  have been noted before  by Chang e t  al (1988). It w as observed in
the  la s t  section  th a t  the  3pm In Ga As layer in p lan  view TEM
0.2 0.8 J
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200nm
Figure 6.20 Cross-sectional TEM micrograph of 10%InGaAs layer of 
thickness lOOnm. A threading dislocation is seen to be 
deflected into the lower interface of the well.
Image obtained in dark field mode.
Figure 6.21 Cross-sectional TEM micrograph of 200nm 20%InGaAs 
layer. The sample is tilted to reveal the interfacial 
dislocation structure. The epilayer appears free of 
defects.
200nm
25 o n m
Figure 6.23 Cross-sectional TEM micrograph of 3000nm of 20%InGaAs 
which reveals dislocations tha t  have threaded into the 
epilayer, probably from the tailing ends of sessile edge 
dislocations.
contained a  predom inance o f pure  edge d islocations which w ere m ost 
likely th e  re s u lt  o f in te rac tio n s  of su itab ly  o rien ted  60° d islocations. 
As the  th ickness increases  edge d islocations become favourab le  because 
they  a re  m ore e ff ic ie n t a t  rem oving s tra in  (the B urgers vecto r lies in
th e  in te r fa c ia l region). How th is  tra n s itio n  occurs is no t obvious, bu t 
we can say th a t  i t  occurs som ew here in excess of 400nm  th ickness of 
ep ilayer. The m is fit is s t i l l  sm all (<2%) which precludes island  g row th
as  a  m echanism  fo r  th e  p roduction  of edge d islocations, which usually
occurs when th e  islands coalesce.
6.7 The e f f e c t  o f  s tr a in  on th e  p osition  o f  d isloca tion s
6.7.1 In troduction
M ultiple quantum  w ell sam ples w ere designed to  provide severa l lay e rs  of 
increasing  th ickness to  investiga te  th e  c r it ic a l th ickness of th e  InGaAs 
on GaAs s tra in e d  layer system . As discussed e a r lie r  in section  6 .2  i t
w as hoped th a t  by designing b a rr ie r s  th a t  w ere th ick  enough to  ensure  
th a t  th ese  w ells w ere  essen tia lly  iso la ted  from  each o th er, the  c r i t ic a l  
th ickness o f m ore lay ers  could be investigated  th an  by producing single 
ep ilayers. This w as as  much a  problem  of th e  num ber of sam ples th a t  
could be obtained, as  i t  would have been e asie r  to  produce single w ells 
of as many th icknesses as possible to  provide d a ta  w ith  f  ew er 
assum ptions. However, th e  use of m u lti- lay e r sam ples re su lte d  in an 
in te re s tin g  observation  th a t  is discussed below.
ME580 (sam ple #9) w as designed to  te s t  the  models of M atthew s and
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Blakeslee fo r  1.4% s tra in  (20% indium nominal com position). I t  consisted  
o f th re e  layers , 10, 30 and 40nm, sep ara ted  by GaAs b a rr ie r s  lOOnm in 
th ickness. F inally  i t  w as capped w ith  50nm GaAs. This sam ple w as found 
to  be in te re s tin g  because i ts  d islocation  density  m easured by plan  view 
TEM w as h igher th an  th a t  o f a  50nm single ep ilayer of th e  sam e nominal 
com position. If  we assum e th a t  th e  d islocations a rise  from  th e  th ick est 
w ell, which is  g re a te r  th an  th e  c r it ic a l th ickness o f MB1, th e re  should 
no t be as  many d e fec ts  as  in a  single ep ilayer th a t  is th icker.
A c ro ss-sec tio n  TEM m icrograph  o f ME580 is shown in f ig u r e  6.24. Many 
d islocations a re  seen in th e  bottom  in te rfa c e  o f the  lOnm layer. In th is  
layer, th e  d islocations have a  local spacing of about 20-40nm , close to  
the  re lax ed  spacing. This w as a lso  found in th e  plan view re su lts . On
average th e  c ro ss-sec tio n  revea ls  th e  spacing to  be about 60-70nm , a
l i t t le  sm aller th an  th e  p lan  view (90nm). The a re a  sam pled is
necessarily  sm aller, and th is  could th e re fo re  be a  s ta t is t ic a l  e rro r .
The 30nm and 40nm lay e rs  contain  an average dislocation spacing o f 500nm  
and lOOOnm respectively , much fu r th e r  a p a r t  th an  th a t  o f th e  th in n es t 
well. The d islocation  density  observed w as m ainly assoc ia ted  w ith  th e  
lOnm layer, and w as much h igher th an  a lOnm single ep ilayer (sam ple#6, 
spacing 300nm ,600nm ). This w as an unexpected resu lt.
The position  o f th e  d e fec ts  in th e  th innest well is now considered in 
d eta il. T here a re  a  num ber of fa c to rs  th a t  need to  be considered in th is  
sam ple, th ese  f a c to rs  do not include the  possib ility  o f a  com position
fluc tuation ; if  th e  sam ple contained w ells of 25% in stead  of 20% th is
1 2 0
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Figure 6.24 Cross-section TEM montage of a 20%InGaAs multi-layer  
type sample containing wells of thickness lOnm, 30nm 
40nm (furthest from substrate).
The majority of the dislocations are found to be located 
in the thinnest well.
would s ti l l  no t adequately  explain  th e  d islocation  density  assoc ia ted  
w ith  a  single 25% indium lOnm w ell, as sam ple #16 o f th e  25% com position
contained such a  w ell bu t had a  much low er d islocation  density  th an  th e
sam ple considered here. The fa c to rs  th a t  may have re su lte d  in th is
anom alously high d e fec t density  a re  now considered:
a. c r i t ic a l  th ickness
b. re la x a tio n  w ith  re sp e c t to  b a rr ie r s  and cap
c. whole s tru c tu re  c r i t ic a l  th ickness
d. w e ll:b a rr ie r  ra t io s
(a) and (b) a re  re la te d , as if  th e  sam ple is re laxed , then  we have to  
consider th e  c r it ic a l th ickness o f not only th e  layer b u t a lso  th e  
b a rr ie r s  and cap m ate ria l, (c) exam ines th e  s tru c tu re  as  a  whole in 
te rm s  of the  c r it ic a l th ickness, and (d) allow s fo r  th e  am ount of 
b a r r ie r  th a t  is p resen t.
6.7 .2  C r i t ic a l  th ic k n e s s
The c r it ic a l th icknesses according to  the  models of MB1, MB2 and PB a re  
8, 18 and 60nm respectively  (T able  II). The f i r s t  lOnm layer is  in
excess o f th e  c r i t ic a l  th ickness fo r  MB1, bu t is below MB2 and PB. Some 
d islocations a re  expected bu t not as  many as observed. This w as a  re s u lt  
of the  conclusions o f the  plan view TEM d a ta  p resen ted  in section  6.5, 
w here i t  w as observed th a t  i t  w as not un til PB had been exceeded th a t  
appreciab le  num bers of d islocations would be genera ted . There a re  
c learly  too many dislocations p resen t to  be the  re su lt  of the  tu rn in g
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over o f d islocations by th e  f i r s t  lOnm layer.
6.7.3 R elaxa tion  o f  b arr iers or capping la y er
When th e  ep ilayer grow s coheren tly  on th e  s u b s tra te  th e  la t tic e  
p a ra m e te r  is  s tra in e d  to  su it th e  s u b s tra te . Once d islocations have been 
produced th e  s tr a in  is p a rtia lly  rem oved and th e  la t tic e  p a ra m e te r  of 
th e  ep ilayer tak es  up th e  new la ttic e  p a ra m e te r  according to  the  
com position. If appreciab le re la x a tio n  occurs in th e  ep ilayer then  a  cap 
o r b a r r ie r  a t  th e  orig inal com position w ill experience a  s tr a in  whose 
m agnitude is dependant on th e  la t tic e  p a ra m e te r  o f th e  ep ilayer. The 
b a r r ie r s  o r cap may th e re fo re  have a  c r i t ic a l  th ickness, which depends 
no t only on the  degree of re la x a tio n  o f th e  ad jacen t ep ilayer, bu t also 
on th e  th ickness of th e  b a r r ie r  o r cap (a th in  b a r r ie r  may be coherently  
s tra in e d  of course). In th is  discussion i t  is assum ed th a t  th e  b a rr ie r s  
and cap have the  same la ttic e  p a ram ete r as th e  su b s tra te , as  is th e  case 
in th is  work.
DCXRD has been perfo rm ed  on the  50nm sqw sam ple (#10) and has estim ated  
th e  re lax a tio n  to  be in th e  region o f 20%. As the  s tru c tu re  is grow n 
th e re  is no t much re lax a tio n  o f th e  layers , because, fo r  exam ple, the  
d islocation  conten t of the  40nm layer is re la tiv e ly  low, as  is th e  30nm 
layer also. These spacings a re  la rg e r  th an  would be expected  fro m  th e  
sam e layers  if  they  had been grow n as  single su rfa c e  layers. I t  is 
th e re fo re  unlikely th a t  re lax a tio n  of th e  ep ilayers  is th e  cause of the  
high dislocation density , as if  th e  w ells w ere iso la ted  from  each o ther 
we m ight expect the  th icker layer to  be m ore re lax ed  and to  have m ore
1 2 2
d e fe c ts  assoc ia ted  w ith  i t  th an  the  th in n er layers.
F ig u re  6.25 shows th e  top well in m ore d e ta il, and arrow ed  a re  two 
d islocations th a t  a re  not exactly  in th e  sam e position  w ith  re sp e c t to  
th e  in te rfa c e  of th e  InGaAs/GaAs. This is because one d islocation  is in 
th e  top  in te rfa c e  and one in the  bottom  of th e  sam e well, which is 
evidence th a t  the  cap has exceeded a  c r i t ic a l  th ickness w ith  re sp ec t to  
th e  40nm w ell. Very few  d efec ts  a re  noted in th is  position  which suggest 
th a t  i t  is  no t the  dom inant p rocess of re la x a tio n  and is localised  to  
th a t  p a r t ic u la r  layer. I t  is possible th a t  localised  re la x a tio n s  betw een 
w ells and b a r r ie r s  a re  occurring , bu t no t o f su ff ic ie n t m agnitude to  
describe  th e  la rg e  density  of d islocations in th e  lOnm in te rface . 
C learly  th e  dom inant re lax a tio n  p rocess th a t  produced such a  high defec t 
density  in th e  f i r s t  in te rfa c e  could not occur if  th e  w ells w ere 
iso la ted  from  each o ther, and i t  is m ore likely th a t  th e  s tr a in  from  the 
th re e  lay ers  is superim posed to  c re a te  a  g re a te r  e ffec tiv e  s tra in  
energy. This is discussed below.
6.7 .4  C r i t ic a l  th ic k n e ss  o f  th e  w ho le  s t r u c tu r e
This can be visualised  by tak ing  a  b roader view of th e  s tru c tu re . If  we 
im agine a  300pm  su b s tra te , w ith  a  very th in  film  grow n on it, we can 
assum e th a t  the  su b s tra te  appears in fin ite  to  th e  th in  film , and th a t  
th e  poin t o f m ost s tra in  is th e  in te rfa c e  o f th e  film  w ith  the  
su b s tra te . Any s tra in  v aria tions w ith in  th e  film  i ts e lf  w ill be very 
sm all in com parison to  the  s tra in  experienced by th e  film  from  th e  th ick  
su b s tra te .
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Figure 6.25 Cross-section TEM micrograph of sample #7 (lOnm, 
30nm and 40nm,20%InGaAs). The 40nm layer contains 
defects in both top and bottom interfaces.
If  we tak e  th e  re lax a tio n  to  include the  s tru c tu re  as  a  whole, and sum 
th e  s tru c tu re  in te rm s of th e  am ount o f s tra in  co n trib u ted  by th e  w ells 
and b a r r ie r s  w ith  resp ec t to  th e  c r it ic a l th ickness, we can then  exam ine 
th e  ’to ta l  s tru c tu re  c rit ic a l th ickness’. To do th is  we assum e no local 
re la x a tio n s  o f th e  layers o r b a rr ie rs , and sum th e  s tru c tu re  of the
sam ple fro m  th e  point of re laxation , in th is  case, th e  in te r fa c e  betw een 
th e  s u b s tra te  and the  f i r s t  well.
The to ta l  s tru c tu re  c rit ic a l th ickness is  th e re f  o re  80nm 
(40nm+30nm+10nm) of 1.4% s tra in , which is in excess o f th e  PB c ritic a l 
th ickness (60nm a t  1.4% s tra in ). Looking back a t  th e  re s u l ts  o f T ab le
II, th e  p lan  view sam ples suggest th a t  the  observed d isloca tion  density  
is  no t a s  high as fo r  the  sam ples th a t  exceeded th e  PB th ickness (i.e. 
com pare #9 w ith  sam ples #11, #12 and #13). It is th e re fo re  likely th a t  
th e  b a r r ie r s  play some role, as these  provide in te r f  aces in ten sile
loading to  a l te r  the  s tra in  experienced by the  whole film . E stim ating  
th e  con tribu tion  of w ells and b a rr ie rs  is achieved by adding th e  w ells,
and th en  adding th e  b a rr ie r  and cap m ate ria l, as a  f ra c tio n  o f th e  to ta l
s tra in e d  m ate ria l. T herefore, we have;
240nm x  0% indium + 80nm x  20% indium 
= b a rr ie r :  well 3:1
th e  com position is .% ^ x 20% = 6.67%
.-. in to ta l  we have 320nm of 6.67% indium (f=4.8x10 3)
The c r i t ic a l  th icknesses given by MB1, MB2 and PB fo r  a  s tr a in  of
_3
4.8x10 a re  31nm, 150nm and 740nm respectively , so th e  sam ple is
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su p e r-c r i t ic a l  fo r  MB models 1 and 2 bu t not fo r  PB. This ca lcu la tion  
could no t reasonab ly  account fo r  the  observed density  o f d islocations, 
a s  th e  d islocation  density  appears to  be too  high to  have been the
re s u lt  o f th e  tu rn -o v e r  of th read ing  dislocations. However, th e re  could 
be an o th e r exp lanation  fo r  the  d islocation positions.
6.7.5 T he e f f e c t  o f  r e la x a t io n  on th e  p o s itio n  o f  d is lo c a tio n s
We again  use the  argum ent th a t  the  point o f re la x a tio n  is th e
f i lm /s u b s tra te  in te rfa c e , th e re  is a  driving fo rce  a t  th e  s u b s tra te  film  
in te r f  ace to  relieve  the  s tra in  in th is  region, and th e  d islocations 
g en e ra ted  a t  o th er points in the  film  (such as a  subsequent th ick e r 
w ell) move along th is  s tre s s  g rad ien t to  the  point o f m axim um  s tra in . 
This could occur as  shown in f ig u r e  6.26.
The th read in g  dislocations th a t  a re  tu rned  over la te r  in th e  film  by 
o th e r w ells could in princip le move the  re lax a tio n  down to  th e  
s u b s tra te /f i lm  in te rface . The dislocation now relieves th e  s tr a in  in the  
low er in te r f  ace bu t w ith  no increase  in th e  d islocation  line tension. 
However, one possible argum ent ag a in st th is  is th a t  i f  th e re  is  no 
d ecrease  in th e  to ta l  s tra in  energy of th e  system  i t  is  h a rd  to  im agine 
th e  driv ing  fo rc e  fo r  th is  process. Also, th is  m echanism  has no t been
observed in th e  sam ples examined so f a r ,  and is unlikely as  th e  chances 
of find ing  th e  segm ent th a t  linked the  in te rfa c ia l segm ent a re  very
sm all in th e  c ro ss-sec tio n  type specimen.
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Figure 6.26 Diagram illustrating the change of interface 
for a m isfit relieving dislocation. Notice 
that there is no overall change in the line 
length of the dislocation.
6.7.6 D iscu ssio n
Having considered  th e  possible explanations fo r  th e  positions o f d e fe c ts  
in sam ple #9, i t  is thought m ost likely th a t  th e  poin t o f re la x a tio n  
depends stro n g ly  on th e  am ount o f m ate ria l shared  betw een th e  b a r r ie r s  
and th e  w ells. As a  com parison, the  m u lti- lay e r sam ple ME482 (sam ple 
#7), d iscussed  in d e ta il in section 6.4, has a  b a rr ie r :  w ell r a t io  of 
9:1, and th e  w ells appear to  behave as though they  w ere  iso la ted  fro m  
eacho ther. I t  is  in te re s tin g  th a t  recen t re su lts  p resen ted  by Z ou  e t  a l
(1990) ten d  to  show a  s im ila r trend . In 15% indium InGaAs lay ers  on GaAs 
they  f  ound th a t  by increasing  the  size  of a  super la t t ic e  th e  
d islocations could be fo rced  to  the  in te rfa c e  of th e  su b s tra te  and f i r s t  
layer. I t  is  th e re fo re  possible th a t  the  b a rr ie r :  w ell r a t io  is  an
im p o rtan t p a ra m e te r  in th e  design of s tra in ed  layer s tru c tu re s , and 
could be th e  source o f fu tu re  investigation  (see ch ap te r 7).
6.8 T he o b s e rv a tio n  o f  n o n -m is f i t  re l ie v in g  d is lo c a tio n s
P recise  B urgers vecto r analysis is d iff ic u lt in (001) p lan  view 
specim ens because th e re  a re  no read ily  available re f lec tio n s  th a t  give 
g.b=0 and g .bxu  fo r  60° d islocations. For th is  reason  th e re  is  a lw ays a  
fa in t  res id u a l c o n tra s t in the  dislocation im ages which m akes 
unam biguous de te rm ina tions d ifficu lt, m ainly because th e  re f le c tio n s  
possib le tend  to  give g .b  to  be 1 o r g re a te r . I t  is possib le to  f in d
which a re  th e  [101] and which a re  [Oil] types, bu t no in fo rm ation  as to
th e  sense o f th e  B urgers vector, and hence the  position  o f th e
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h a lf-p lan e . However, an in d irec t analysis of the  n a tu re  and d is tr ib u tio n  
o f th e  d islocations can fu rn ish  some inform ation  as to  th e  e f fe c t  o f th e  
d islocations on th e  rem oval o f m isfit. For obvious energe tic  reaso n s i t  
is  w idely assum ed th a t  a ll th e  d islocations a c t to  re lieve  m is f it  
s tra in , b u t some o f th e  evidence now p resen ted  shows th a t  th is  is  no t 
alw ays th e  case.
By analysing  th e  in te rac tio n s  betw een dislocations in th e  tw o orthogonal 
s e ts  i t  is possib le  to  d raw  conclusions about the  n a tu re  o f th e  
d islocations in th e  a rra y s . Several au tho rs (A braham s e t  al 1969, B ooker 
e t  a l 1978, V dovin e t  al 1985) have previously pointed out th a t  th e re  
w ill be th re e  types  o f in te rac tion : if  the  B urgers vecto rs  a re  th e  sam e 
(para lle l o r a n ti-p a ra lle l)  tw o L -shaped segm ents can re s u lt  ( f ig u re  
6.27 (a)); i f  th e  B urgers vecto rs  a re  a t  60° a linking 1/2<110> segm ent 
d islocation  can  be form ed ( f ig u re  6.27 (b)); if  th e  B urgers vec to rs  a re  
perpend icu lar no rea c tio n  is expected ( f ig u re  6 .27  (c)). If th e  tw o  se ts  
o f d islocations consist predom inantly  o f 60° d islocations w ith  some pure  
edge d islocations (but no screw  dislocations), as has indeed been 
observed in th e  re s u lts  above, and the  five possible B urgers v ec to rs  a re  
p resen t in equal num bers in each se t of dislocations th e re  w ill be five  
types o f in te rac tio n .
Analysing th e  p ossib ilitie s  of these  B urgers vecto rs i t  is found th a t
4 /2 5  (16%) of th e  in te rsec tio n s  would be L-shaped, 16/25 (64%) w ould
have links and 5 /2 5  (20%) would not rea c t. A single specim en of
In Ga As/GaAs w ith  layer th ickness of 20nm w as exam ined to  t e s t  th is
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hypothesis. About 1000 dislocation in te rsec tions w ere exam ined, w hich
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Figure 6.27 Schematic diagram illustrating the major interactions 
between dislocations lying in the same plane. Both 
mixed (M) and edge (E) type interactions are shown.
revealed  th a t  about 18% of th ese  show th e  L -shaped geom etry, w hile the  
rem ainder showed no c lea r la rg e  scale  reaction . D islocations th a t
in te ra c te d  to  fo rm  links w ere  no t easily  iden tifiab le  because th e  links
a re  likely to  be sh o rt because th e ir  slip  planes lie ou t o f the
in te rfa c e , and also  because they  a re  edge type, many a re  likely to  be
m issing in th e  re f lec tio n s  used in th e  im ages (220 and 220).
This r e s u l t  ap p ears  to  confirm  e a r lie r  conclusions, bu t fu r th e r  
consideration  o f th e  L -shaped in te rsec tio n s  revealed an unexpected
resu lt; th e  tw o possible L -shaped configurations a re  p resen t in 
approx im ately  equal num bers. This would ind icate  th a t  as  a  genera l 
re su lt, d islocations w ith  p a ra lle l line d irec tions bu t a n ti-p a ra lle l
B urgers v ec to rs  m ust be p resen t. In th is  case some of th e  d islocations
m ust have th e  w rong sense o f B urgers vector to  relieve th e  m is f it
s tra in . This conclusion is re - in fo rc ed  by th e  occasional observation  of 
dipoles in p lan  view sam ples ( f ig u re  6.28). Dipoles have been noted  
befo re  by B ooker e t  al (1978), bu t not explained.
Dipoles could be c re a te d  e ith e r  as a  d ire c t re su lt  of th e  in te rse c tio n
of one d islocation  w ith  tw o orthogonal d islocations of opposite B urgers 
vecto r, o r  a lte rn a tiv e ly  by the  pushing out of a  dipole from  a  single 
d islocation  ( f ig u re  6.29). The evidence is strong ly  in favou r o f th e
fo rm er explanation : several dipoles a re  seen to  be p e rfe c tly  aligned,
which im plies th a t  they  o rig inated  from  the  sam e s tra ig h t d islocations;
th e re  is also  no easy slip  plane available in th e  in te rfa c e  f o r  th e  
a lte rn a tiv e  m echanism , although Cooman and  C a r te r  (1989) have recen tly  
rep o rted  evidence fo r  the  opera tion  of a  (001) slip  plane in GaAs.
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Figure 6.28 Plan view TEM image of dislocation dipoles at D, and a 
missing dipole segment at M.
Figure 6.29 Schematic diagram to illustrate how a dislocation dipole 
can be generated by the interaction of dislocations.
Missing sections o f dipole (e.g. a t  M in f ig u r e  6.28) may re s u lt  from  
th e  c ro ss -s lip  o f both  sections out o f th e  in te r f  ace f  ollowed by m utual 
annihilation. This could easily  occur g radually  from  th e  closed end of
t
th e  dipole. Since th e  ne t e f fe c t  o f th e  dipole on th e  m is f it s tra in  is
zero  th e re  is no overall en erge tic  reason  fo r  th e  dipole to  rem ain  and 
i t  should tend  to  shrink  in o rd er to  reduce i ts  d islocation  line length.
Since th e re  is  evidence th a t  no t a ll d islocations a c t to  relieve the  
m is f it i t  is necessary  to  consider th e  reason  they  e x is t in th e  f i r s t  
place. One possib ility  a rise s  if  consideration  is given to  the  local 
spacing of th e  m ost closely spaced d islocations. If a ll th e  d islocations
in th e  in te rfa c e  of th is  specim en a ro se  from  th read ing  d islocations,
which as d iscussed in section  6.5 is  likely fo r  a  sam ple below th e  
People and Bean c rit ic a l th ickness such as th is  one, then  th e ir  spacing 
is essen tia lly  random . Exam ination o f th e  p lan view revealed  th a t  th e re  
a re  reg ions w here the  local spacing is qu ite  sm all, indeed sm all enough 
to  have locally  relieved all th e  m is f it s tra in  (fo r exam ple see f ig u r e  
6.30).
During the  fo rm atio n  o f th e  in te r fa c ia l netw ork  single th read in g  
d islocations w ill be tu rn ed  over by the  s tra in e d  layer. Those 
dislocations tu rn ed  one way w ill help to  relieve the  m is f it w hile those  
w ith  iden tica l B urgers vector tu rn e d  th e  o th er way w ill increase  th e  
m isfit. If, locally, several d islocations have been tu rn ed  in th e
d irec tion  which relieves m isfit th en  in th e ir  neighbourhood th e re  is  a  
zero  m is f it s tra in . As m entioned e a r l ie r  in th is  chap ter, G o u rley  e t  al 
(1986) have shown th a t  d islocations can be tu rned  over even in th e
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Figure 6.30 Plan view TEM micrograph of a 20%In m ult i - laye r  sample.
Closely spaced dislocations approach equilibrium separation 
required for dislocations in a fully relaxed layer.
absence of s tra in . If m ore th read ing  d islocations rem ained to  be tu rned  
over in such a  reg ion  of no ne t m is f it, then  i t  is s ti l l  possible th a t  
th ese  d islocations can be deflected  into th e  in te rfa c e  as suggested by 
Gourley and th e re  is an equal p robab ility  th a t  they w ill be tu rned  in 
e ith e r  d irection . Some of the  d islocations in th e  c lu s te r  would then  be 
o f opposite sign to  th e  o thers , which is w hat m ust occur when dipoles 
a re  observed.
6.9 Summary o f  chapter
This ch ap te r has p resen ted  re su lts  concerning th e  re la x a tio n  of s tra in ed  
InGaAs lay ers  grow n on GaAs su b s tra te s . All sam ples investigated  
contained m is fit d islocations as  a  re s u lt  of th e  th read ing  d efec t 
density  of the  su b s tra te  w afe rs , and very th in  layers, i.e . below the  
s ta b ili ty  lim it p red ic ted  by any model availab le  in the  l i te ra tu re , a re  
capable of deflecting  d islocations in to  th e  in te rfa c e  betw een th e  layer 
and confining m ate ria l. Thin layers  (below 8nm) have not been examined, 
so th a t  i t  is no t possible to  fu lly  e lucidate  th e  f i r s t  point a t  which 
d islocations appear in these  s tru c tu re s .
Exam ination o f a  m ultiple quantum  w ell sam ple th a t  included layers  of 
increasing  th ickness suggested th a t  th e  c r i t ic a l  th ickness a t  1.4% 
s tra in  w as about 16nm, which is som ew here in betw een th e  s ta b ility  lim it 
proposed by M atthews and Blakeslee fo r  a  single ep ilayer and a  buried  
layer sam ple, e.g. 8nm and 40nm respective ly  fo r  1.4% s tra in . The 
agreem ent w ith  th e  M atthews and Blakeslee model fo r  th e  single ep ilayer, 
which is th e  th ickness a t  which we m ight expect the  f i r s t  d islocations,
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is  no t good. B e tte r agreem ent is obtained fo r  the  model of Miles and 
McGill (16nm), which is a  refinem en t o f th e  fo rm er s ta b ili ty  lim it. It 
is  also  found th a t  the  m ultiquantum  s tru c tu re s  can in some cases 
com plicate th e  re lax a tio n  process.
The position  of th e  dislocations in th e  m u lti-lay e red  sam ples could be 
found by u tilis ing  c o n tra s t from  th e  layers  a s  they  em erged from  the  
fo il  in  p lan  view specim ens. This m ethod c o rre la ted  w ell w ith  the  
re s u lts  o f c ro ss-sec tio n a l views o f th e  sam e sam ple, which contained ten  
w ells of 20% indium. I t w as not easy to  find  th e  B urgers vecto rs  in plan 
view specim ens, because of the  problem s of res id u a l c o n tra s t when g.b 
and g.bxu could not be sim ultaneously equal to  zero , bu t a  sm all a re a  in 
ME482 (#7) w as investigated  to  find  the  types o f B urgers vector.
F u r th e r  sam ples w ere examined th a t  contained s tr a in s  up to  1.75%, and 
w ith  a  range  of th icknesses, from  5-3000nm . A re la tiv e ly  la rg e  num ber of 
sam ples w ere exam ined in the  20% indium (1.4% s tra in )  com position. There 
appeared  to  be a second re lax a tio n  point w here th e re  is  a  la rg e  increase  
in th e  num ber of dislocations, which agreed  well w ith  th e  People and 
Bean energy balance model in the  1.4% regim e of g row th  (60nm). Coupled 
w ith  th is  is th e  v irtu a l d isappearance o f th e  asym m etry  in the  
d islocation  density  noted in layers up to  th e  s ta b ili ty  lim it p red ic ted  
by People and Bean. A fter th is  the  re la x a tio n  increases  asym ptotically  
when th ick er layers  a re  grown, although is not fu lly  re lax ed  a t  13PB and 
may no t be un til 50PB or 3pm in th ickness. As no lay ers  w ere availab le 
betw een th is  range i t  w as not possible to  id en tify  th e  th ickness a t  
which com plete re lax a tio n  occurs.
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I t  is  in te re s tin g  to  note, however, th a t  th e  re s u lts  o f PL and DCXRD of 
th ese  sam ples suggest th a t , fo r  th e  20% layers , they  a re  re lax ed  by 
200nm  th ickness of epilayer. This im plies th a t  th e  en erge tic  or 
m echan istic  fa c to rs  th a t  p revent th e  equilibrium  spacing  o f d islocations 
being a tta in e d  a t  200nm th ickness a re  not va riab les  in th e  r e s u lts  o f PL 
and DCXRD. This re f le c ts  the  l i te ra tu re  (see ch a p te r  5) in th a t , th e  
c r i t ic a l  th ickness o r re lax a tio n  o f these  s tru c tu re s  is  very  much a 
function  o f th e  technique used to  m easure i t  a s  much as  any fa c to r . 
However, i t  is also in te res tin g  th a t  a t  about 20% re la x a tio n  th e  TEM and 
DCXRD d a ta  ag ree  fa ir ly  well.
One fu r th e r  point of note w as th e  increase  in th e  num ber of edge 
d islocations as  a  function  of th ickness in th e  20% indium  sam ples. A 
la rg e  f ra c tio n  o f the  d islocations appeared  to  be edge in th e  800nm 
layer, however th e  3pm layer contained a ll edge d islocations, found by 
B urgers vec to r analysis. As few er sam ples w ere  availab le  in the  o th er 
com positions, i t  s ti l l  rem ains a  question as to  w hether th is  could also  
be a  s tr a in  tra n s itio n , although in th e  l i te ra tu re  i t  is  rep o rted  th a t  
th e  s tr a in  th resho ld  fo r  island grow th  occurs above 2%, which is g re a te r  
th an  any s tru c tu re  examined here. For th is  reason  th e  60° to  edge 
d islocation  tra n s itio n  is thought to  be due to  th e  rea c tio n  o f su itab ly  
o rien ted  60° dislocations.
C ross-sec tiona l TEM provided usefu l in fo rm ation  on th e  position  o f th e  
d islocations whose spacings w ere m easured in th e  p lan  views. In one 
sam ple th e  d islocations w ere in a  low er in te rfa c e  th an  expected, which 
led to  a  discussion of the  re lax a tio n  processes and th e ir  e f fe c t  on the
132
d islocation  positions from  a  more m acroscopic view point. I t  w as not 
possib le to  d istingu ish  betw een d islocations a ris in g  fro m  th e  s u b s tra te  
and d isloca tions th a t  loop down from  th e  su rfa c e , as  only the  
in te r fa c ia l  segm ents a re  evident in th e  sm all volume sam pled by the  
c ro ss -se c tio n  TEM technique.
L astly  i t  w as in f e rre d  f  rom  th e  in te rsec tions  o f d isloca tions in p lan 
view sam ples th a t  th a t  not a ll the  d islocations w ere o f th e  r ig h t sign 
to  re lieve  m is fit. This w as fu r th e r  co rrobo ra ted  by th e  occasional 
observation  o f dipoles. This is an in te res tin g  re su lt, which req u ires  
f u r th e r  m ore d ire c t analysis of B urgers vecto rs over la rg e  a re a s , in 
which case  a  m ore rap id  B urgers vecto r id en tifica tio n  m ethod would be 
usefu l. An exam ple of th is  could be the  use o f T anaka p a tte rn s , 
especially  in conjunction w ith  the  LACBED technique.
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TABLE II
T a b le  o f  d i s l o c a t i o n  s p a c i n g  o b s e rv e d  a n d  r e q u i r e d  t o  r e l i e v e  
m i s f i t  i n  In  Ga A s/G a A s f o r  x= 0 .1  to  x = 0 .2 5
--------------------------  X 1 -x -------------------------------------------------------------------
S a m p l e X l a y e r  t h i c k n e s s  ( n m ) O b s e r  v e d  
S p a c  i n  g s
( n m )
Mi  s f  i t  
S p a c i n g
6 0°
r e  1 i e f  
( n m )
e d g  e
N o a c t u a  1 c r  i t i  c a l
MB1 MM MB 2 PB
# 1 0 . 1 0 50 18 4 0 9 0 3 0 0 3 0 0 , 1 0 0 0 2 8 57
# 2 0.  10 100 1 8 4 0 9 0 3 0 0 4 0 0 , 6 0 0 2 8 57
# 3 0.  10 3 0 0 0 18 4 0 9 0 3 0 0 5 0 , 1 0 0 2 8 57
# 4 0 . 1 5 40 1 1 2 3 5 6 1 20 5 0 0 , > 1 0 0 0 19 38
# 5 0.  15 70 1 1 2 3 5 6 1 20 2 6 0 , 3 3 0 1 9 38
# 6 0 . 2 0 10 8 18 4 0 60 3 0 0 , 6 0 0 14 28
# 7 0 . 2 0 20 8 1 8 4 0 60 2 0 0 , 4 0 0 14 28
# 8 0 . 2 0 25 8 1 8 4 0 60 1 6 0 , > > 1 0 0 0 14 28
# 9 0 . 2 0 40 8 1 8 4 0 60 9 0 , 2 4 0 14 28
# 1 0 0 . 2 0 50 8 1 8 4 0 60 1 6 0 , 4 4 0 1 4 28
# 1 1 0 . 2 0 70 8 1 8 4 0 60 5 0 , 6 5 1 4 28
# 1 2 0 . 2 0 100 8 1 8 4 0 60 6 0 , 6 5 1 4 28
# 1 3 0 . 2 0 2 0 0 8 18 4 0 60 55  , 5 5 14 2 8
# 1 4 0 . 2 0 4 0 0 8 1 8 4 0 60 3 2 , 3 2 14 28
# 1 5 0 . 2 0 3 0 0 0 8 1 8 4 0 60 2 2 , 2 7 1 4 2 8 *
# 1 6 0 . 2 5 20 6 1 1 3 1 35 8 0 0 , > 1 0 0 0 1 1 23
# 1 7 0 . 2 5 35 6 1 1 31 35 9 0 , 1 3 0 1 1 23
* edge d islocations only
Note in m u lti- la y e r  case  th ick es t w ells only quoted fo r  layer
MB1 C ritica l th ickness ca lcu la ted  from  M atthew s and B la k e sle e  (1974) 
equation 5 m odified by a fa c to r  4 in the  denom inator to  apply to  a  
single ep ilayer.
MB2 C ritica l th ickness ca lcu la ted  from  M atthew s and B lak eslee  (1974) 
equation 5 which applies to  a  d islocation half-loop  in a m u lti- lay e r.
PB C ritica l th ickness ca lcu la ted  by People  and Bean (1985) equation  9b.
MM s ta b ili ty  lim it according to  M iles and McGill (1989)
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CHAPTER 7
C onclusions
A se t o f conclusions concerning th e  find ings o f th is  w ork a re  now 
p resen ted . More detailed  discussions o f th e  r e s u lts  a re  given a t  th e  end 
o f each re lev an t re su lts  chap ter.
1. I t  w as suggested  th a t  the  in te rfa c e  c o n tra s t  in HREM im ages of 
InP/G alnA s could be improved by th e  use of n o n -sta n d a rd  HREM imaging 
conditions.
2. In th e  th in n est regions of th e  c ry s ta l, th e  in te rfa c e  c o n tra s t 
betw een InP and Ga In As is very  low. This can be
0 .47  0 .53 J
im proved by using extended def ocus values such as  -1200A. This 
enables b e tte r  in te rfa c e  quality  assessm ent.
3. At c ry s ta l th icknesses of 130A and above, th e  extended defocus 
approach  is supplanted by th e  e ffe c t o f the  in ten s ity  o sc illa tions on 
GaAs reflec tio n s , which a re  a t  a  minimum, w hereas InP re f lec tio n s  a re  
un affec ted . T herefo re  th is  process dom inates in te rfa c e  c o n tra s t in 
th ick e r reg ions of c ry s ta l.
4. Image sim ulations of ab ru p t and stepped in te r fa c e s  w ere produced, but 
because of specim en p rep ara tio n  a r te fa c ts  in re a l HREM im ages, i t  w as 
d iff ic u lt  to  use them  to  iden tify  and quan tify  s teps.
5. I t  w as d iff ic u lt to  obtain an accu ra te  com puted image m atch to  the  
HREM im ages, bu t in rea l images the c o n tra s t o f th e  InP w ith  re sp ec t to
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th e  GalnAs w as close to  th a t  p red icted  by the  sim ulations.
6. In s tra in e d  InGaAs/GaAs layers, because th e  s u b s tra te s  have a  f in ite  
d islocation  density , th e  f i r s t  c r it ic a l th ickness occurs fo r  the  
tu rn -o v e r  of th read ing  dislocations.
7. T hreading  dislocations a re  tu rn ed  over in lay e rs  th in n e r  th an  the  
sm alles t c r i t ic a l  th ickness of any c u rre n t model, an exam ple being the  
M atthew s and Blakeslee p red ic tion  of th e  c r i t ic a l  th ickness f o r  a  single 
kink geom etry  o f dislocation.
8. The agreem ent w ith  both M atthews and Blakeslee p red ic tio n s  (single 
and double kink geom etries) fo r  the  tu rn -o v e r  o f d islocations is poor.
9. The b es t agreem ent w ith  the  experim ental d e te rm in a tio n  of the
c r i t ic a l  th ickness, a t  1.4% m ism atch, occurs fo r  a  m odified  M atthew s and 
Blakeslee model by Miles and McGill.
10. At 1.4% m ism atch, the  sam ples undergo ano th er re la x a tio n  as a  
function  of th ickness. This occurs a t  the  th ickness p red ic ted  by People 
and Bean. About 60% of the  s tra in  is relieved a t  th is  point.
11. Residual s tra in  is p resen t in sam ples up to  3pm th ick  a t  0.7% 
m ism atch, bu t a re  to ta lly  re laxed  fo r  3pm of 1.4% m ism atch m ate ria l.
12. At 3pm of 1.4% m ism atch the  d islocations change fro m  predom inantly  
60° to  pu re  edge in natu re .
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13. The density  of d islocations in the  f i r s t  in te r fa c e  (InGaAs to  
s u b s tra te  GaAs) is increased  by the  am ount o f m a te ria l and
s tr a in  above th is  in te rface .
14. The observation  of dipoles in 1.4% m ism atch InGaAs/GaAs has led to  
th e  in fe rre n c e  o f non -m isfit reliev ing  dislocations.
137
REFERENCES
A braham s M .S., W eisburg  L .R ., B uiocchi C .J. a n d  B lanc  J .,  1969, J. 
M ater. Sci.4 ,223
A b rah am s M .S., B lanc J. a n d  B uiocchi C .J., 1972, Appl.Phys. L e t t .21,185
B ean J .C ., F e ld m an  L.C ., F io ry  A.T., N a k a h a ra  S. a n d  R ob inson  I.K ., 
1984, J.V ac.Sci.Technol.A 2,436
B ooker G .R ., T itc h m a rsh  J.M ., F le tc h e r  J .,  D a rb y  D.B., H ock ley  M., an d  
A l-Ja ss im  M., 1978, J. C ryst.G row th 45,407
B o o th ro y d  C., an d  S tobbs W., 1987, Inst. Phys. Conf. Ser. No90 p237
B o u r re t  A., 1988, Inst. Phys. Conf. Ser. No93 Vol 1 pl65
B reen  K .R ., U ppal P.N. a n d  A hearn  J .S ., 1989, J.V ac.Sci.Technol. B7,758
B ravm an  J.C ., a n d  S in c la ir  R ., 1984, J.EM .Technique.1,53
B row n  H ., H olonyak  N ., L udow ise  M., D ie tze  W., an d  L ew is  C., 1984, Elec. 
L e tt. 20 p204 1984
C arey  K ., W ang S., H ull R ., T u rn e r  J ., O e r te l D., a n d  B im berg  D ., 1986, 
J C ryst. G row th 77,558
C hang K .H ., B h a tta c h a ry a  P.K. and  G ibala  R ., 1989, J.Appl.Phys. 65,3391
Chew  N ., C u llis  A., Bass S ., T ay lo r L ., S ko ln ick  M., a n d  P i t t  A., 1987, 
Inst. Phys. Conf. Ser. No87, 231
C ow ley J . ,  an d  M oodie A., 1975, Acta Cryst. 10,609 
de  Coom an B.C., an d  C a r te r  C.B., 1989, Acta M etall 37,2765
D ing le  R ., W iegm ann W., an d  H en ry  C.H., 1974, P hys.R ev.L ett.33 ,827
D ixon  R .H ., an d  Goodhew P .J ., 1990, (J.App.Phys. in p ress)
D odson B.W. a n d  Tsao J.Y ., 1987, A ppl.Phys.L ett.51,1325
E ag lesham  D .J., Kvam E .P ., M aher D.M., H um phreys C .J., G reen  G.S., 
T a n n e r  B.K., an d  Bean J.C ., 1988, A pp.Phys.Lett. 53 ,2083
1 3 8
E ag lesham  D .J., Kvam E .P ., M aher D.M., H um phreys C .J., a n d  B ean J.C ., 
1989a, Phil.M ag. 59,1059
E ag lesham  D .J., M aher D.M., Kvam E .P ., Bean J.C. a n d  H u m p h rey s C .J., 
1989b, Phys.R ev.L ett. 62,187
E l-M a sry  N.A., T a rn  J.C .L . an d  H ussien  S., 1989, Appl.Phys. L ett.
55,2096
E sak i L ., a n d  T su  R ., 1970, IBM J.Res.Develop. 14,61
F ie ld s  P.M. a n d  J.M. C ow ley, 1978, Acta C ryst. A34, 103
F io ry  A.T., B ean  J .C ., F eldm an  L.C. an d  R ob inson  I.K ., 1984, J. Appl. 
Phys. 56,1227
F i tz g e r a ld  E.A., A sh izaw a Y., E astm an  L .F. an d  A st D.G., 1988, J. Appl. 
Phys. 63,4925
F ra n k  F .C ., 1950, Symp. on P lastic  D eform ation o f C rysta lline
Solids, Carnegie Inst, of Technology, P ittsbu rgh , p89
F r i j l in k  P ., a n d  M aluenda J .,  1982, Jpn. J. Appl. Phys. 21 L574
G ibb ings C .J., T uppen  C.G. an d  H ockley M., 1989, A ppl.Phys.Lett.
54,148
G ibb ings C .J. a n d  H ockley M, 1989, Journal o f C rysta l G row th 94,392
G la ish e r  R ., 1987, ASU HREM w in ter school notes
G o u rley  P .L ., F r i t z  I .J . an d  D aw son L .R ., 1988, Appl.Phys. L e tt.
52,377
G o u rley  P .L ., B ie fe ld  R.M., and  Doyle B . L . , 1986, M ater. Res. Soc. 
Symp. Proc. 56,229
G r i f f i t h s  R ., Chew N., C ullis  A., and  Joyce  G., 1983, Elec. L e tt. 19 
p988
H agen W., an d  S tru n k  H., 1978, Appl.Phys. 17,85
H e rb e a u x  C., Di P e rs io  J. and  L e fe b v re  A., 1989, A ppl.Phys.Lett. 
54,1004
H e th e r in g to n  C., B a rry  W., Bi J ., H um phreys C., G range  J .,  an d  Wood C., 
1985, Mat. Res. Soc. Vol 37 p41
H ir th  J .P ., 1963, in Relation Between S tru c tu re  and S tren g th  in M etals 
and Alloys, HMSO London, p218
139
H ir th  J .P . a n d  L o th e  J .,  1982, Theory of D islocations, 2nd ed.,
(Wiley, New York, 1982)
How e J . ,  B as ile  D ., P ra b h u  N ., and  H a ta lis  M., 1988, A cta C ryst.
A44, 449
H ull R ., B ean  J .C ., W a rd e r  D .J., an d  L e ib en g u th  R .E ., 1988, Appl. 
Phys. L e tt. 52,1605
H u m p h rey s C .J ., M aher D.M., E ag lesham  D.J. an d  S a lis b u ry  I.G .,
1989, Inst.Phys.C onf.Ser.N o.l00,p241
H u tc h iso n  .L ., H onda T ., a n d  Boyes E.D., 1986, JEOL NEWS Vol.24E-3 53
H u tch iso n  J .L ., W add ing ton  W., C u llis  A., and  Chew  N., 1986a, Royal 
M icroscopy Soc. pl53
H u tc h iso n  J .L ., 1987, Inst. Phys. Conf. Ser. No87 pi
K a sp e r  E ., H e rzo g  H .J. an d  K ibbel H., 1975, J.A ppl.Phys.8,199
K e u s te rs  K .H ., Coom an B.C., an d  C a r te r  C.B., 1985, J. Appl.Phys. 
58,4065
K idd P ., P riv a te  com m unication
jK riv an ek  O., 1988, A rizona S ta te  U niversity W inter School no tes Jan  1988 
K uan T ., 1984, Mat. Res. Soc. Vol.31 pl34
K uk Y., F e ld m an  L.C. and  S ilv e rm an  P .J ., 1983, Phys.R ev.L ett.
50,511
L aval J .,  D e la m a rre  C., Dubon A., S c h iffm a c h e r  G., de  S agey  G ., an d  
G uenais  B., 1985, Inst. Phys. Conf. Ser. No76 p359
L udow ise  M., 1985, J. Appl. Phys. 58 (8)
M alla rd  R ., W add ing ton  W., S p u rd en s P ., 1987, Inst. Phys. Conf.
Ser. No87 p21
M aree P .M .J., B a rb o u r  J.C ., van d e r  Veen J .F ., K avanagh  K .L ., 
B u lle -L ieu w m a C.W.T. an d  V iegers M.P.A., 1987, J.Appl.Phys. 62.4413
M atth ew s J.W . a n d  B lakeslee  A.E., 1974, J. C ryst. Growth 27 118
M atth ew s J.W ., 1975, J.Vac.Sci.Technol. 12,126
M atthew s J.W ., B lak eslee  A.E. and  M ader S., 1976, Thin Solid Film s
140
33,235
M atth ew s J.W ., an d  B lak eslee  A.E., 1977, J.Vac Sci Technol. 14,989
M cGibbon A., C hapm an J .,  a n d  C u llis  A., 1988, Inst. Phys. Conf.
Ser. No93 p403
M cGibbon A., C hapm an J .,  C u llis  A., Chew N ., Bass S., a n d  T a y lo r  L ., (to
be published)
M iles R.H. a n d  M cGill T .C ., 1989, J.Vac.Sci.Technol.B7,753
M izuguchi K ., H a y a fu ji  N ., O chi S ., M uro tan i T ., and  F u jik a w a  K ., 1986, 
J. C ryst. G row th 77 p509
M oodie A.F., 1965, P roc .In t.C onf.E lec tron  d iffra c tio n  & c ry s ta l de fec ts , 
Melbourne ID-1
N a b a rro  F .R .N ., 1949, in "Report of the  conference on S treng th  of 
Solids", Physical Society, London, p75
N a b a rro  F .R .N ., 1967, Theory of C rystal D islocations (London;
Oxford U niversity  P ress)
N a k am u ra  T ., Ik ed a  M., M uto S ., and  Um ebu I ., 1988, Appl.Phys L e tt. 
53,379
N orm an  A., a n d  B ooker G., 1985, Inst. Phys. Conf. Ser. No76 p257
O lsen  J .,  A l-Ja ss im  M., K ib b le r  A., and  Jones K., 1986, J. C ryst. G row th 
77 p515
O’K eefe  M.A., 1980, G eneral in structions  fo r  SHRLI u sers , 1980
O urm azd  A., T sang  W., R e n ts c h le r  J ., an d  T a y lo r D., 1987, Appl. Phys. 
L e tt. 50 (20) pl417
P eop le  R. a n d  B ean J.C ., 1985, A ppl.Phys.L ett.47,322
P e tfo rd -L o n g  A., B ooker G .R ., H ockley M., an d  T a y lo r  M .R., 1989,
Inst.Phys. Conf. Ser. NolOO, 281
P e t r o f f  P ., 1977, J Vac. Sci. Tech. Vol 14 No4
R a ja n  K., D evine R ., M oore W.T. and  M aigne P ., 1987, J.Appl.Phys. 
62,1713
R a ja n  K., an d  D e n h o ff  M., 1987, J.A ppl.Phys.62,1710
R e im er L ., 1984, TEM Princip les of Image Form ation and M icroanalysis 
p l85-222 Berlin: Springer-V erlag  1984
R ozgonyi G.A., P e t r o f f  P.M. and  P an ish  M.B., 1974), J .C ryst.
141
Growth. 27,106
S m ith  D ., 1988, A rizona S ta te  U niversity  W inter School Notes Jan 1988 
S ta d e lm a n n  P ., 1988, Inst. Phys. Conf. Ser. No93 p343 
S t ir la n d  D .J ., an d  S tra u g h a n  B.W., 1973, Thin Solid Films, 16,1
T a n n e r  B.K., a n d  B ean J .C ., 1988, A ppl.Phys.L ett.62.187
T e s te  de Sagey  G., S c h if fm a c h e r  G., L aval J ., D e la m a rre  C., D ubon A., 
G uenais  B., an d  R e g re n y  A., 1986, Proc. Xlth Int. Cong, on E lectron  
Microscopy Kyoto pl479
T hom as a n d  G oringe , 1979, Wiley in terscience, New York, 1979 
"Transm ission E le c tron Microscopy^ of Mate r ia ls
T uppen  C.G., G ibb ings C .J., a n d  H ockley M., 1989, J. C ryst. Growth. 94 
392
T uppen  C.G., G ibb ings C .J., H ockley M., and  H a lliw e ll M.A.G., 1990, 
Appl. Phys. L e tt. 56,140
V andenberg  J .,  Chu S ., Hamm R ., P a n ish  M., and  Tem kin  H., 1986, Appl. 
Phys. L e tt. 49 (19) pl302
Van d e r  L e u r  R.H.M ., S c h e ll in g e rh o u t A.J.G ., T u in s tra  F. an d  M ooji J .E ., 
1988, J.Appl.Phys. 64,3043
Van d e r  M erw e J .H ., 1963, J.A ppl.Phys.34,123
Vdovin V .I., M atveeva L.A., Sem enova G.N., Skorohod Ya. M., 
T k h o rik  Yu.A. an d  K h azan  L .S ., 1985, p hys.sta t.so l.A 92 ,379
W rig h t A.C., a n d  W illiam s J . ,  1985, Mat. L ett. Vol 3 No3 p80
Z ou J .,  C ockayne D .J.H ., S ik o rsk i A., an d  U sh er B .F., 1990, Proc.XII 
Int. Cong. E.M., S ea ttle , 598
,
B a n g e rt U., C h a rs le y  P ., F au x  D A., H arvey  A J ., D ixon R ., G oodhew  P J .,;  
jE m eny M T ., an d  W hitehouse  C R ., 1989, Proc MSM VI O xford 1989, IOP, 287
142
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
